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Abstract  
   Increasing concern over climate change and the impact of greenhouse gas emissions as well as diminishing global oil reserves has pushed research into alternative energy. Reducing the cost of microalgae, a promising source for alternative energy, is a key step in commercialising biodiesel production. Currently avenues such as the use of waste stream cost effective cultivation system and efficient harvesting options are being explored for the common goal of establishing commercially viable microalgae production and utilisation schemes. From reviewing the current progress presented in literature this research has identified several aspects of importance to commercialising biofuel production.  After identifying several gaps in the literature covering direct comparison of microalgal biomass production between temperate and hot region, a novel investigation utilising a refined computer model was undertaken to compare upstream cultivation of open systems in both temperate and hot climates.  The outcome of which suggested the relative importance of light over temperature for the cultivation of microalgae in an open pond system. This was then explored further experimentally by setting the temperate light intensity, photoperiod and temperature conditions for three months representing summer and winter seasons. The results of this novel adaptation of seasonal highs and lows data of a temperate climate (UK) indicated that a more effective direction of intervention is the investment in additional light-supply in place of a heating-system, which is more than likely to yield higher algal biomass for biofuel production. Finally, an approach was made towards engaging more economical aspects of the process from upstream cultivation of waste stream based nutrients (leachate) with a native microalgae strain for the first time, to downstream dewatering of algal biomass with innovative improvements to energy efficient forward osmosis technology by uniquely assessing microalgae nutrient-based draw solution. The results both indicated the real potential of utilising these cost efficient methods at a lab scale.  The ultimate goal of the project was to combine the research efforts for both cultivation (upstream) and harvesting (downstream) to assist in the understanding of the commercial viability of biofuel production from microalgae.    
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1.1 Background 
 Carbon dioxide accumulation in our atmosphere, increasing global population and depleting supplies of crude oil have recently promoted research on the development of technology and systems for alternative energy sources, especially with predictions of energy demands that are set to rise over 20% by 2030 (Malcata et al., 2011). The environmental impacts and the exhaustion of fossil fuel energy sources have made this form of energy no longer viable to accommodate the anticipated energy consumption. Moreover, research has shown that the by-products from the combustion of fossil fuels have had a large influence on the global climate change experienced in the last few decades as well as contributing to a number of health issues (Mata et al., 2011).  Increased pressure from governments has led to a number of regions monitoring their CO2 emissions more closely and implementing long-term strategies to address the issue. A common theme is to investigate the usage of cleaner energy sources such as solar energy, geothermal, wind, 
hydroelectric and more recently, biofuels to target the nation’s energy demand. Several factors taken into consideration include the sustainability of each raw material required for the energy extraction method, the long-term impacts to the environment and the local climate necessary to generate each energy source.  An additional factor which has become of growing concern is the need to address energy requirements within the transportation sector. Currently, there is no viable alternative to fossil fuels for this purpose however the reduction in polluting emissions from vehicle exhausts remains high on the agenda. One potential alternative is biofuels and more specifically biodiesel and bioethanol. These could be used in the place of diesel as, environmentally friendlier alternative with little or no modifications to current vehicles, elevating financial burdens for implementation. It is for this reason 
that biofuels have recently been under the microscope for consideration in the future of the world’s energy infrastructure.  Several feedstocks have been considered as potential sources for producing sufficient biofuel to satisfy global demands, the first of which were described as first generation biofuels. These are derived directly from food crops such as sugar, wheat and rapeseed oil and thus proved to be very contentious fuel sources in the debate of ‘fuel vs food’. The limitations of the first generation biofuels were addressed directly by the second generation biofuels in utilizing non-food crops such as organic waste and wood. However the land required to produce sufficient yields to cater for global consumption does not make this a viable option to compete with current fuel sources of crude oil.  
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Alternatively, rapidly duplicating microalgae have been identified as a promising third generation biofuel source (Chisti, 2007). These photosynthetic microorganisms are capable of fixing CO2 to generate biomass at a higher and more efficient rate than terrestrial plants (Pienkos and Darzins, 
2009). There are over 30,000 species that have currently been studied and it is thought that another 20,000 species have yet to be analysed (Richmond, 2004). Some of these species have have controversially been described of having over 80% oil content by weight of dry biomass (Spolaore et al., 2006), although the figure between 20-60% is more widespread (Chisti, 2007).  The technology of biorefining biomass into biodiesel through converting biomass derived fats/lipids has been around for many decades and involves an industrially ready transesterification process to convert algal triglyceride (parent oil) into methyl esters (biodiesel) and glycerol, by means of the addition of an alcohol (methanol), catalysed by alkalis or lipase enzymes (Van Gerpen, 2005).  
1.2 Aim and Structure of Thesis 
 
 The need to advance the research towards alternative sustainable energy is essential for future economical development especially with growing demand due to ever rising global population. The oversight of this project was to investigate alternative energy derived from microalgae biomass by exploring different segments of the overall practice. The process of deriving biodiesel from such a source involves a number of steps for which a sustainable path is yet to be fully defined to potentially provide a cleaner transportation fuel source at a competitive market rate. The overall aim of this project was to identify and explore segments of the overall process required for microalgae biofuel production.  This project in particular highlighted four process components to investigate further within the entire process to improve understanding towards a more sustainable path. More specifically, three of the four areas were within the upstream side and the last within the downstream element. Consequently, four aims and objectives were designed and investigated to study separate areas of an overall interlinked process to assess the feasibility and viability of refining methodology. The initial aim was to investigate the impact of geographic climate conditions upon upstream cultivation for which limited results have been published in literature. Moreover, open pond cultivation in two different climatic conditions, represented by UK and Qatar, through computer simulation. The objective of this is to initially graphically quantify the difference in average annual microalgae biomass production, before manipulating the data of solar (light intensity and photoperiod) against temperature in the same model to establish theoretically the order of influence on biomass production. Research into upstream temperate cultivation continued experimentally to fill a gap in investigating the extent of upstream biomass production between the summer and winter seasons. The objective of this was to measure and quantify the specific growth rates for both cell duplication and biomass production for direct comparison in the performance between averaged high (summer) and low (winter) seasonal changes in temperate regions, specifically the UK. 
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The concluding aim within the upstream area was to experimentally investigate the capability of waste stream (leachate) as a nutrient base for microalgae biomass production under ideal cultivation conditions represented through temperature, light intensity and photoperiod, with the novelty of utilising microalgae specie isolated from leachate. The objective of this was to conduct several experimental growth runs at different dilutions of leachate waste stream in water to identify the highest biomass yielding leachate ratio through quantifying the specific growth rates for cell duplication and biomass as well as measuring and quantifying the uptake of nutrients from the leachate waste stream. The final aim of this project was to investigate the downstream technology of forward osmosis (FO) as a tool for dewatering microalgae biomass from the cultivation. The objective for this was to assess the performance of FO with a novel nutrient-based draw solution blend at varying concentrations by measuring and calculating the movement of water from biomass to draw solution. More specifically the structure of this thesis will be as follows:  
x Chapter 2: Provides a comprehensive in-depth review of the literature on algae cultivation in open and closed systems, before making a direct comparison between the two. Waste stream-based cultivation and universal temperate climate cultivation will also be described. The review will then focus on harvesting and concentration of microalgae biomass products before moving on to several harvesting routes. The review will conclude with the methodology for biodiesel production from algal oils.  
x Chapter 3: Utilises computer simulations to assess the potential of microalgae biomass production in open systems located at two different novel geographical locations, representing temperate and warm climates.    
x Chapter 4: Undertakes an experimental approach in a further investigation of cultivation for biomass production in a temperate climate, specifically with the novelty of three month data averages representing light intensity, photoperiod and temperature during the winter and summer seasons.    
x Chapter 5: Experimentally assesses the potential biomass production using waste stream isolated microalgae in a leachate based medium for the first time at different dilutions.   
x Chapter 6: Investigating the performances of forward osmosis technology in dewatering microalgae culture using novel nutrient based chemical substances as draw solutions at different concentrations representing increasing osmotic pressures.   
x Chapter 7: Concluding remarks and recommendations for further work..  
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  Chapter 2     Literature Review 
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2. Literature Review  
2.1.1 Algae Background Algae are simple aquatic cells, which contain chlorophyll. They lack key parts of plants such as the stem, roots, leaves, xylem and phloem, which places them in the kingdom Protista. The six phyla of algae include chlorophytes (green algae), phaeophytes (brown algae), rhodophytes (red algae), chrysophytes (diatoms), pyrrophytes (dinoflagellates) and euglenophytes (euglenoids).   The photosynthetic nature of algal cells is a prime example of a naturally occurring biological oxidation-reduction reaction. These organisms are able to employ the energy contained in sunlight to produce oxygen and carbohydrates through a series of oxidation-reduction reactions. These compounds as well as others produced in the process are then further utilised for energy as well as the synthesis of other compounds (Karube et al., 1992). More specifically, the photosynthetic reaction and process can be summed up by equation (2.1) and in Figure 1.1, respectively.  CO2 + H2O + light energy o (CH2O)n +O2  (2.1)  The equation is the net result of two processes, the first being the oxidative process that requires 
light energy and involving the splitting of water, which is often termed as the ‘light reactions’;   12H2O + light energy o 6O2 + 24H+ + 24e-  (2.2)  The second involves the reduction reaction to form NADPH (Nicotinamide Adenine Dinucleotide Phosphate):  NADP+ + H2O o NADPH + H+ + O  (2.3)  The NADPH is then coupled by further reactions that result in the photophosphorylation of ADP (Adenosine Diphosphate) to ATP (Adenosine Triphosphate). The energy stored in the chemical bonds of both of these compounds formed in the light dependent reactions is then used by a series of light-independent reactions in the Calvin cycle, where atmospheric CO2 is incorporated into organic compounds such as ribulose bisphosphate to produce glucose (C6H12O6).  
 
 
7 
 
Figure 1.1. Schematic of algae photosynthesis process of converting energy from sunlight and carbon dioxide into glucose and oxygen (Griffined, 2013)  Furthermore, algae can be split into two classes, the prokaryotic blue-green algae also known as cyanobacteria and eukaryotic algae such as the green algae Chlorella. Although chemical composition variations do exist between the species/strains, the main components mostly remain protein, carbohydrates and lipids. The current commercial applications of microalgae biomass fall into human and animal nutrition avenues, mainly as a source of proteins, therapeutic and cosmetic uses, as well as renewable energy purposes. Currently, the majority of companies in the bio-pharmaceutical industry use bacteria, yeast, mammalian and insect cell cultures to express recombinant proteins. Although it was briefly established that transgenic algae nuclear and chloroplast genomes would support recombinant protein expression, more work is beening published on the topic. More specifically, work conducted by Rasala et al. (2010) demonstrated the yet untapped potential of microalgae chloroplast as a robust platform for human therapeutic protein production. The group tested the versatility of transgenic algae Chlamydomonas reinhardtii as a recombinant protein production platform by using a set of seven diverse currently in use human therapeutic proteins. Results showed  >50% had been expressed at levels that were sufficient for commercial production, with all expressed proteins showing the same level of biological activity to those that are expressed using traditional production platforms. Other high value products which alga cultivations currently yield include nutraceuticals such as phycocyanins, omega 3 and 6 fatty acids as well as different forms of carotenoids (Table 1.1). 
 
Table 1.1. Nutraceuticals and their uses (adapted from CleanTick, 2013)  
Nutraceutical Compound Use  Omega 3 fatty acids Necessary for producing paracrine factors Omega 6 fatty acids Essential dietary fatty acids Phycocyanins Defence against oxy radicals Beta carotene, astaxanthin & canthaxanthin Antioxidant defence Lutein & zeaxanthin Healthy eyes 
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2.1.2 Algae Potential 
 Microalgae are photosynthesising single cellular microorganisms that have rapid growth capabilities. They are currently commercially cultivated for use in the pharmaceutical, nutraceutical and cosmetic sectors (Barba et al., 2015; Wang et al., 2015). They are also used as biofilters to remove pollutants from wastewater as well as form part of fertilisers and livestock feed. Microalgae are also an energy source that are able to produce different types of biofuels such as methane (Spolaore et al., 2006), biodiesel (Gavrilescu and Chisti, 2005) and biohydrogen (Kapdan and Kargi, 2006). Reports in the literature date back to over thirty years for the use of microalgae as a source for alternative energy production. Present fuel demands and growing environmental, economical and political pressures have led to the subject being treated as a priority (Gavrilescu and Chisti, 2005). Currently much of the commercially produced biodiesel is produced from plant oils derived from first and second generation feedstocks such as soybeans, rapeseeds and wood. The biggest disadvantage to these sources, however, is the use of either agricultural or fertile land for fuel production. Furthermore, land use in terms of area against end biodiesel product yeild is much lower in for first and second generation feedstocks (initial and secondary bioenergy sources) in comparison to microalgae derived biodiesel. Studies have estimated more than a 10 fold increase in annual biodiesel productivity estimated between palm oil and similar oil percentage content microalgae (Table 2.1). This would not be ethically compatible with a rising world population. Thus biofuel production from algal sources appears to be a viable option as it does not depend on limited resources. Apart from being able to cultivate algae with a much higher growth rate in a much less significant area, algae also provide the advantage of the ability to grow within wastewater on non-arable land at a more rapid rate than terrestrial plants. It would be expected that cultivation will be a year-round process that will provide ample opportunities to stop and start in order to resolve issues involving competitors and pathogens in a more advantageous manner due to their growth cycle being much shorter than land-based biodiesel crops. Algae also have the added benefit of being carbon neutral, by taking carbon dioxide from the atmosphere under cultivation, making carbon sequestration a beneficial by-product of large-scale production. However, this does not reduce the impact of global warming as it is ultimately returned to the atmosphere once biodiesel is burnt.  
Table 2.1. Biodiesel feedstock efficiency comparison (adapted from Mata et al., 2010)  
Plant Source Seed Oil 
% oil by wt in biomass 
Land Use  
m2 yr/kg biodiesel 
Biodiesel Productivity  
Kg biodiesel/ha year Corn/Maize 44 66 152 Soybean 18 18 562 Canola/Rapeseed 41 12 862 Palm Oil 36 2 4747 Microalgae  30 0.2 51927 Microalgae 50 0.1 86515 Microalgae 70 0.1 121104   
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A few algal strains have been identified on a laboratory scale to produce up to 50-60% lipids within their biomass. Table 2.2 summarises the different microalgae species based on their lipid content and productivities. Although this dwarfs typical oilseed crops, it must be noted that the quantity and quality of the lipid content is dependent on both the nutrients and growth conditions.  
Table 2.2. Lipid content and productivities of different microalgae species (adapted from Mata et al., 2010) 
Microalgae Species 
Lipid Content 
% dry weight 
biomass 
Lipid Productivity 
mg/L/day 
Volumetric Productivity 
of Biomass 
g/L/day 
Areal Productivity of 
Biomass 
g/m2/day 
Ankistrodesmus sp. 24-31 - - 11.5-17.4 
Chlorella emersonii 25-63 10-50 0.03-0.04 0.91-0.97 
Chlorella vulgaris 5-58 11-40 0.02-0.20 0.57-0.95 
Dunaliella salina 6-25 116 0.22-0.34 1.6-3.5 
Ellipsoidion sp. 27 47 0.17 - 
Isochrysis sp. 7.1-33 38 0.08-0.17 - 
Nannochloris sp. 20-56 61-77 0.17-0.51 - 
Nannochloropsis sp. 12-53 37-90 0.17-1.43 1.9-5.3 
Phaeodactylum tricornutum 18-57 45 0.003-1.9 2.4-21 
Scenedesmus sp. 19-21 40-54 0.03-0.26 2.43-13.52 
Skeletonema sp. 13-32 27 0.09 - 
Thalassiosira pseudonana 20 17 0.08 - 
Tetraselmis sp. 12-15 43 0.30 -  
2.2 Algae Cultivation Currently, avenues have been explored and utilised commercially on a low worldwide scale for commercial microalgae production. The main technical options include open ponds, raceway ponds and various designs of closed photobioreactor systems (Spolaore et al., 2006). Reported commercial production of algal biomass stands at just over 9000 tonnes per year, most of which is used in other industries rather than in the biofuel sector (Darzins et al., 2010). Two of the largest companies currently leading production employ raceway cultivation ponds (Earthrise Nutritional and Cyanotech Corporation). Another significant producer has opted for a closed vessel-based cultivation system (Martek Co). Cognis Australia Pty Ltd cultivate with a combined pond surface area of circa 
960 ha for the production of β-carotene from D. salina (Darzins et al., 2010).   A number of high profile oil companies have shown interest in commercial algae cultivation for biofuel end products. An example is ExxonMobil, which in 2009 entered into a partnership with Synthetic Genomics and allocated finances of over $500 million to progress the field (Darzins et al., 
2010). BP and Chevron also went into similar joint ventures with Martek Bioscience Corporation and National Renewable Energy Laboratory, respectively (Darzins et al., 2010). Shell had an active partnership with HR Biopetroleum from 2007 to 2011 during which a six acre facility utilising patented technology was built (Darzins et al., 2010). Interestingly, Renmatix, has managed to raise $140 million from prominent partners which include French giant Total, Germain BASF as well billionaire Bill Gates in an effort to commercialise pre-biofuel production (Fourtune, 2016). 
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Debate still arises when determining the future direction of mass algal biomass cultivation; with the technologies yet to mature, advantages and disadvantages are inevitably attached to both closed and open cultivation systems (Section 2.2.1 and 2.2.2). The construction cost of photobioreactors and contamination uncertainties in open systems prove to be significant obstacle to a viable biodiesel plant (Chisti, 2007). Other scale-up cultivation problems include heating/cooling – during 24 hour night and day temperature changes, mixing – prevent algae from settling, optimal scaling – for scale up purposes and CO2 management – supply source and distribution in the cultivation (Fernandes et al., 2015). Current worldwide research (Quinn and Davis, 2015) is taking steps to refine and resolve these issues but it is generally anticipated that any future biofuel producing plant will possibly accommodate a combined open and closed cultivation system. Development of genetically modified strains to suit commercial growth is another key factor underway to refine the process by allowing for less competition and pathogen susceptibility along with higher lipid biomass content (Hlavova et al., 2015). Currently the theoretical maximum of algal productivity is 100g/m2/day in areas with high solar radiation; however the achievable sustained productivity is closer to the range of between 15-30g/m2/day in open ponds (Darzins et al., 2010). 
 
2.2.1 Closed-System Photobioreactor  
  The performance of closed systems results in higher cell densities compared with open pond systems as they allow for a more controlled cultivation environment with specific emphasis on improved control over pH, light, temperature, mixing, as well as a reduction in the risk against contamination and in water loss from evaporation (Mata et al., 2010).   Various designs of closed system photobioreactors exist for the cultivation of microalgae; they include tubular, flat-plate and vertical-column (Figures 2.1, 2.3 & 2.4, respectively). Other less common types include rotative, aerated, helical and internally illuminated photobioreactors.   Shen et al. (2006) reported that a range of 20 to 40 g m-2 day-1 of productivity can currently be achieved with existing closed system technologies. This indicates that maximal volumetric productivities can be higher in a closed photobioreactor than in an open pond (Section 2.2.2) because the surface-to-volume ratio can be higher. Furthermore, Carvalho et al. (2006) carried out a review of enclosed system designs and performances and concluded that helical designs are the easiest to scale up.   The most prominent photobioreactor designs are those with a tubular configuration (Chisti, 2007). Their design encompasses key operational conditions such as light supply and temperature control as well as gas supply and removal in order to achieve the most efficient and cost effective cultivation. More specifically, tubular photobioreactos consist of many straight tubes with transparent walls that 
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allow sunlight to penetrate, thus enabling algae biomass production (Figure 2.1). The orientation of such a closed system is based on utilising maximum sunlight, thus the tubes are always placed horizontally in a North-South position and are raised above a light reflective surface to further maximise total light received by the tubes (Molina Grima et al., 1999). To use the land more efficiently, stacks of uniformly aligned tubes have been employed in some cases. Alternatively, when considering flexible tubes for the same purpose, it is possible to coil tubes around a supporting structure resulting in a helical photobioreactor as illustrated in Figure 2.2. In addition, the use of artificial illumination of photobioreactors has been demonstrated (Pulz, 2001), although the cost of large scale deployment with current technology is likely to prove inhibitory to the economic viability of such a cultivation plant for a low-value product. Instead, locating such cultivation sites in regions with natural high light intensity is a more feasible option; however, this does not address night time cultivation.  
  
Figure 2.1. Schematic of tubular photobioreactor (Left); Pilot scale tubular photobioreactor (Right) (adapted from Chisti, 2007; Algae for Biofuels, 2012, respectively)  
.  
Figure 2.2. 1000L helical tubular photobioreactor (Chisti, 2007) 
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In terms of gas supply and removal within such a continuous closed tubular system, the circulation of the broth is passed through a degassing column as it is circulated though the transparent tubes. This ensures adequate gas supply and removal to a certain point, usually dictated by the tube length.  More specifically, the drawbacks of such systems have thus far prevented their use on a mass scale. Issues involving the accumulation of oxygen within the system have also proven to be a focus in developing this technology, especially when scaling up is concerned. The removal of O2 specifically has thus far proven to limit design aspects of panel or tube lengths as indicated by Carvalho et al. (2006). Chisti (2007) described the rate of O2 production in tubular photobioreactors as being as high as 10 g m-3 min-1; if left within the closed system, the resulting high accumulation of dissolved oxygen leads to inhibition of photosynthesis as well as photo-oxidative damage to algal cells. Molina Grime et al. (2001) declared that transparent tubes in closed systems should not exceed 80m to accommodate the removal of oxygen before inhibitory effects become active. However, the exact length will depend on factors such as flow rate, biomass concentration, light intensity and initial tube oxygen concentration (Chisti, 2007).  Current removal of oxygen is undertaken in a degassing zone in which the culture is bubbled with air to remove accumulated oxygen (Figure 2.1). In terms of design, the tube diameter is limited by the density of the culture broth to ensure continuous high biomass productivity. For adequate light to be able to penetrate to the centre of any tube, the diameter should fall within the range of 10-30 cm under current technology (Pulz, 2001). Within such a continuous closed system, the circulation of the broth from a degassing column to transparent tubes and back again ensures a constant turbulent flow rate generated by either mechanical pump or airlift system. This prevents microalgae from settling within each tube.   The most problematic operating issues involve the adverse changes in pH and CO2 gradients, as well as bio-fouling and overheating (Molina Grime et al., 1999). Moreover, the consumption of CO2 can lead to an excessive rise in the pH especially towards the end of a closed tubular photobioreactor. It is therefore necessary to provide a CO2 supply in the degassing zone as well as at different intervals along the tube to ensure pH stability and prevent carbon limitation (Chisti, 2007). Over-heating occurs during the photoperiod of the day. This issue can be effectively resolved by the use of heat exchangers within the tubular loop or a heat exchange coil inside the degassing column (Chisti, 2007). Tredici (1999) demonstrates cooling via evaporation with a tubular photobioreactor by spraying water on the tubes; however, the use of water in such a way may not be acceptable in places with a limited supply. The use of saline water for these means may also be prohibited due to the potential for groundwater contamination.  The concept of flat-plate design was first presented by Milner (1953). Since then refinements and adaptations were added, some of which included the accommodation of artificial light (Samson and Leduy, 1985) and various forms of transparent materials (Ramos de Ortega and Roux, 1986). More specifically, the design of flat-plate photobioreactors comprises of large transparent flat plates 
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encasing chambers in which algae are cultivated (Figure 2.3). Performances in comparison to tubular design (Table 2.3) have shown lower dissolved oxygen accumulation and higher photosynthetic efficiencies (Ugwu et al., 2008; Richmond, 2000).   
 
Figure 2.3. Schematic of flat-plate photobioreactor (Left); Pilot scale flat-plate photobioreactor (Right) (adapted from Oilgae, 2012 and Chem Pure Tech, 2012, respectively)  Vertical-column photobioreactors (Figure 2.4) are very promising for large scale applications due to their compact design and low cost nature as well as their relative ease of operation compared to other closed systems (Section 2.2.3). Furthermore, cultivation performances have been shown to rival those of tubular photobioreactors (Sanchez Miron et al., 2002). The ability of this system to achieve sufficient mixing with minimal hydrodynamic shear has put this design at the forefront of CO2 sequestration from industrial flue gas (Kumar et al., 2011).  
 
Figure 2.4. Schematic of bubble-column photobioreactor (Left); Pilot scale bubble-column photobioreactor (Centre); Pilot scale vertical-column photobioreactor (Right) (adapted from Lam et al., 2012; Bioenergy, 2012; Oilgae, 2012, respectively) 
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In general, the construction and maintenance costs are also hindering factors in the economical sustainability of microalgae cultivation for biofuel end products. However, having said that, photobioreactors have not yet been fully engineered to the extent of other bioreactors in commercial practice, and so there is certainly scope for cost reductions. Table 2.3 provides a summary of the prospects and limitations of the three main systems currently being explored.   
Table 2.3. Comparison of the prospects and limitation of closed culture systems (adapted from Ugwu et al., 2008)  
Closed Culture Systems Prospects Limitations 
Tubular Photobioreactors x Large Illumination Surface Area x High Productivity 
x Suitable for Outdoor Mass Cultivation 
x Photo-inhibition 
x Temperature Control 
x Scale Up Performance* 
x Gradients of pH, Dissolved Oxygen and CO2 Along the Tube 
Flat-Plate Photobioreactors 
x Large Illumination Surface Area 
x Maximum Utilisation of Solar Light 
x Low Oxygen Accumulation 
x Suitable for Outdoor Mass Cultivation 
x Difficult to Scale Up* 
x Temperature Control 
x Hydrodynamic Stress 
Vertical-Column Photobioreactors 
x High Mass Transfer 
x Low Shear Mixing 
x Low Energy Consumption 
x Easy to Scale Up 
x Easy to Sterilise 
x Good for Immobilisation of Cells 
x Reduced Photo-inhibition  
x Reduced Photo-oxidation  
x Small Illumination Surface Area 
x High Capital Cost 
x Decrease Illumination Surface Area when Scaled Up 
*Dependent on nature of scale-up (size versus repetition of many units)  Various ventures in the industry have adopted closed system paths for the cultivation of microalgae, most of which hold patents for their own refined version. A2BE Carbon Capture holds a patent for a closed reactor system with a rotatable internal transparent insulator allowing alternating thermal contact between the air during the day and between the ground during the night (Sears, 2007). Greenfuel Technologies also focused on improving thermal regulation by designing a floating closed reactor (Berzin et al., 2009). Solix Biofuels currently holds patents for closed systems with enhanced temperature regulations as well as an oxygen removal integrated setup (Willson et al., 2008; 2009).           
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2.2.2 Open Pond Cultivation Systems 
 It is well documented that biomass concentration is usually much lower in open systems in most cases; however, the lower cost of open system construction, operation and maintenance, as well as the ease of scale up with simpler designs makes them a competitive cultivation preference over closed cultivation systems (Yun et al., 2015). It is therefore no surprise that open pond systems are currently the largest cultivation methods in use for producing biomass for other applications (Spolaore et al., 2006).   There are many forms of open pond systems, which vary in morphology, gradient and depth. These can be defined as raceway, circular, inclined, and unmixed designs. Table 2.4 summarises productivity with tested microalgae species as well as their operational states and main properties. The open pond control deficiencies such as temperature control and photoperiod can be countered to an extent by selecting specific regions where the local climate is able to accommodate the ideal environment for algae cultivation based on lipid synthesis (Masojidek and Torzillo, 2008).   
Table 2.4. Comparison of open culture systems’ properties, productivity and operation (adapted from Suali and Sarbatly, 2012)  
Open Culture 
Systems 
Operation Properties 
Biomass 
Productivity*  
Tested Microalgae 
Species 
Raceway Utilises Paddle Wheels for Continuous Water Flow 
Good Mixing  Good Light Distribution  Poor Gas Transfer Low Hydrodynamic Stress 
14-50 g/m2/day 30-32 ton/ha/yr 
Most Microalgae 
Chlorella sp. 
Spirulina sp. 
Dunaliella sp. 
Circular Utilises Paddle Wheels Applied for Wastewater Treatment 
Poor Mixing Poor Light Distribution Poor Gas Transfer Low Hydrodynamic Stress ≤21 g/m
2/day Most Microalgae Chlorella sp. 
Spirulina sp. 
Inclined Utilises Gravity with the Aid of Pump(s) Poor Mixing Poor Gas Transfer V. Low Hydrodynamic Stress ≤31 g/m2/day 
Chlorella sp. 
Spirulina sp. 
Dunaliella sp. 
Haematococcus sp. 
Nannochloropsis sp. 
Unmixed 
Applied for Wastewater Treatment Poor Mixing Poor Gas Transfer Low Hydrodynamic Stress <1 g/m2/day Spirulina sp. Dunaliella sp. * Dependent on location & weather  The species being cultivated and the required biomass elements are key factors that have to be taken into account before an open pond system is designed and constructed. The deliberate placement of specifically aligned baffles promotes the adequate mixing of nutrients and allows for uniform algal cultivation (Figure 2.5). Agitation is typically achieved by one or more electric paddles with enough 
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power to maintain water movement of between 5 and 30 cm s-1, although larger ponds may require larger velocities (Andersen, 2005). However, as is the case for Australian based Betatene Ltd, no mechanical agitation is required in their very large ponds as wind and convection alone can achieve sufficient mixing for cultivation of their desired product (Borowitzka, 1999).   Key restrictive growth parameters for open pond systems comprise light intensity, temperature, dissolved oxygen concentration and pH. The susceptibility to contamination is another issue which has to be addressed. Predator considerations have opened the idea of selecting algal strains with high tolerance to deal with this issue (Lee and Lee, 2001).   There have been many open pond studies reported in the literature. A Japanese-based group reportedly achieved stable photosynthetic efficiency of Chlorella sp. in a raceway pond (Hase et al., 2000), while another group was able to utilise a paddlewheel agitated open tank to produce lutein from Muriellopsis Sp. with comparable final yields to those achieved by closed systems (Blanco et al., 2007). Borowitzka (1999) indicated that issues concerning light intensity and temperature parameters can be alleviated by identifying a species suitable region, citing the example of the Australian producer of D. salina, Betatene Ltd, as having a year round production process due to its cultivation site being located in a close to optimum climate. Furthermore, the land cost within this region being relatively low allows for economically sustainable cultivation.     
 
Figure 2.5. Illustration of raceway type pond (adapted from Chisti, 2007)  Another restrictive factor affecting open pond cultivation is the depth of the pond itself. This is usually a balancing act between the need for ample depth to enable mixing and the need to allow 
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light to sufficiently penetrate through to reach an adequate amount of the biomass culture (Borowitzka, 1999). It is therefore not uncommon to find raceway type ponds such as that owned by Earthrise Farms (Figure 2.6) to cover a large surface area with a depth of between 15 and 50 cm (Borowitzka, 1999; Del Campo et al., 2007; Brennan and Owende, 2010).   
 
Figure 2.6. Raceway ponds for microalgae production by Earthrise Farms, California, USA   Poor atmospheric CO2 absorption by microalgae cultures has resulted in the need for additional CO2 supply to achieve higher biomass concentration as well as maintain non-detrimental pH. Nonetheless, due to a limited pond depth as previously discussed, any additional supply sparged from the base of the pond does not allow for efficient gaseous exchange due to bubble residence time within the water. To overcome this issue, a CO2 addition sump is built into the pond (Figure 2.7) to improve CO2 delivery efficiency (Park et al., 2011). However, the vast amount of additional CO2 necessary for the large scale cultivation of algal biomass for commercial biofuel production will prove challenging. As a result, many researchers have proposed that waste gaseous emissions, such as flue gas from fossil fuel burning power plants, could be used as a CO2 source to minimise operational costs in full scale applications (Wang et al., 2008; Yadav et al., 2015).   
 
Figure 2.7. Side view of high rate algal pond showing effective CO2 addition (adapted from Park et al., 2011) 
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2.2.3 Comparison of Open and Closed Cultivation Systems 
 As previously described, both open and closed cultvation systems can be used for the cultivation of algal biomass for biodiesel production, with advantages and disadvantages associated with each system. Table 2.5 gives an overall comparison between open ponds and photobioreactors. In a review by Chisti (2007), a quantified comparison of the two technologies for an annual production of 100 tonnes of algal biomass was provided (Table 2.6) with the assumption that both systems utilised the same amount of CO2. In this study the photobioreactor consisted of six units each comprising of 132 parallel tubes (80m length and 0.06m diameter) and eight raceway ponds, each with a total surface area of 978m2 (12m wide, 82m long and 0.3m deep). The review revealed a 13-fold greater volumetric productivity in a photobioreactor facility. The report also looked into the recovery of microalgal biomass from the broth and concluded that the relative ease of removal of high concentration of biomass (30 times more) from a photobioreactor facility made it more viable in comparison to an open pond facility (Chisti, 2007).   
Table 2.5. Assessment of large scale open and closed microalgae culture systems (adapted from Mata et al., 2010)  
Factor Open Pond Photobioreactor Required Space High Low CO2 Loss High Low O2 Concentration Low High Temperature Highly Variable Required Cooling Shear Low High Cleaning Not Required Required Contamination High Risk* Low Risk* Evaporation High Low Biomass Quality Variable Reproducible Harvesting Cost High* Lower* Cooling/Heating None-Automated Automated Air Pump Built In Built In 
*Depend on which specific type of open pond and photobiorector designs are compared.   
Table 2.6. Comparison of large scale open and closed microalgae culture systems (adapted from Chisti, 2007)  
Variable Photobioreactor Open Pond  Annual biomass production (kg) 100,000 100,000 Volumetric productivity (kg m-3 day-1) 1.535 0.117 Biomass concentration in broth (kg m-3) 4.00 0.14 Dilution rate (day-1) 0.384 0.250 Area needed (m2) 5681 7828 Oil yield (m3 ha-1) 136.9  - 70% wt oil biomass 58.7 - 30% wt oil biomass 99.4 - 70% wt oil biomass 42.6 - 30% wt oil biomass Annual CO2 consumption (kg) 183,333 183,333  
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2.2.4 Wastewater-Based Cultivation  Typical wastewater treatment processes facilitate in addition to COD, the removal of high concentration nutrients, in particular nitrogen and phosphorus, to avoid eutrophication in rivers and lakes (Pittman et al., 2011). Inorganic phosphorus in particular is more difficult to remove as it needs to either be converted into an active sludge via aerobic and anaerobic microbial activity or precipitated from the sewage to form a solid insoluble fraction by the addition and mixing of coagulant multivalent metal ions such as calcium, aluminum or iron. Once removed from the wastewater, phosphorous precipitate can be further treated to generate sludge fertiliser or in some cases just disposed of in landfill sites. Nitrogen on the other hand is traditionally removed in a two-step process involving the biological oxidation of nitrogen from ammonium to nitrate (nitrification), followed by the reduction of nitrate to nitrogen gas (denitrification). The gas is then released into the atmosphere without recycling.    The cultivation of microalgae in wastewater has the twofold advantage of providing a low cost nutrient supply for cultivation and low cost initial cleanup of the wastewater, thus impacting two industries in the form of biofuel production and wastewater treatment. In essence, biological 
‘cleaning’ of nitrogen, phosphorous and toxic metals is undertaken by the microalgae (Mallick, 2002; Matamoros et al., 2015). The uptake of these pollutants reduces the cost of wastewater treatment as well as cutting nutrient input expenditure during algal cultivation. Moreover, Hoffmann (1998) suggested that the efficiency of phosphorous removal by chemical-based treatment was matched by that performed through low technology level algal-based treatments. Furthermore, the recycling of nitrogen and phosphorous within the algal biomass removes the generation of pollutants such as sludge byproducts and thus is a more environmentally friendly option.       The idea of wastewater as a sustainable growth medium for algal feedstock is not new, with initial suggestions dating back over 50 years (Oswald et al., 1957; Oswald and Golueke, 1960; Benemann et al., 1977). The composition of microalgae allows for such use of nitrogen and phosphorous; the stoichiometric ratio of the algae biomass dictates that after carbon, the elements nitrogen and phosphorous at the average Redfield ratio 16:1 are required to prevent limitations by either.   Currently, most of the research into algal wastewater treatment systems is being done on a laboratory and pilot plant scale (Chiu et al., 2015). Many forms of wastewater exist and most options have been evaluated to some extent, alongside other algal growth affecting variables such as availability of light, CO2 and O2 as well as pH, organic carbon content and temperature (Pittman et al., 2011), all of which need to be assessed to uncover a potential future route that favours commercially viable biomass cultivation for biofuel production.   
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  More specifically, Table 2.7 presents the theoretical consideration of algae biomass production based on various wastewater types with different nitrogen (N) to phosphorus (P) molar ratios; the theoretical biomass production was based on limiting nutrients, a algal biomass formula from Stumm and Morgan (1981) of C108H181O45N16P and was calculated on the content of nitrogen and phosphorus contained in one litre of wastewater.  
Table 2.7. Wastewater-based algae biomass production potential (adapted from Christenson and Sims., 2011) 
 
Wastewater Type 
Nitrogen : Phosphorus 
Molar Ratio 
Theoretical Algae 
Biomass Production (g/L) Weak Domestic 11 0.3 Medium Domestic 11 0.6 Strong Domestic 13 1.4 Dairy 14 2.9 Cattle Feedlot 10 1.0 Poultry Feedlot 36 5.7 Swine Feedlot 12 14.2 Coffee Production 5 1.3 Coke Plant 3352 0.1 Distillery 9 42.8 Tannery 29 2.4 Textile 11 1.4 Winery 5 1.7 
  Agricultural wastewater, which is usually based on manure, can have a very high content of N and P when compared to municipal sewage-based wastewater. However, microalgae appear to be as efficient in removing the N and P from the manure-based wastewater as from the municipal wastewater, indicated by a number of studies that have shown an efficient growth of microalgae on agricultural waste in spite of the high nutrient concentrations (An et al., 2003; Gonzalez et al., 1997; Wilkie and Mulbry, 2002). Piggery wastewater with a content of 788 mg L-1 NO3 was used as a test bed for the green alga Botryococcus braunii, which managed to remove 80% of the initial NO3 content (An et al., 2003). Dairy manure was used to assess the potential of benthic freshwater algae for nutrient recovery as compared to planktonic (suspended) algae. Some species of benthic algae such as Rhizoclonium hieroglyphicum and Microspora willeana showed a higher nutrient uptake rate (Mulbry et al., 2008; Mulbry and Wilkie, 2001; Wilkie and Mulbry, 2002). Wilkie and Mulbry (2002) reported a semi-continuous cultivation method where recycling wastewater was used with a daily addition of manure to assess the growth rate and nutrient uptake of benthic algae, which were shown to be high and comparable to results obtained from municipal wastewater.   
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In industrial-derived wastewaters, there is a great deal of interest in using algae for the removal of heavy metal pollutants and organic chemical toxins rather than the N and P (Ahluwalia and Goyal, 2007; Mallick, 2002). Since industrial wastewaters usually have a low N and P content and high toxin concentrations, growth rates of algae tend to be lower. This makes the use of industrial wastewaters for the generation of large-scale biomass less promising than municipal and agricultural wastewaters, which also have the advantage of being more widely available and more uniform in their composition. An exception was shown by a study that used carpet mill effluent to assess algal biomass generation. This untreated wastewater was shown to have a sufficiently low content of toxins as well as sufficient quantity of P and N to support the growth of freshwater microalgae, B. 
braunii and Chlorella saccharophila, and a marine alga, Pleurochrysis carterae (Chinnasamy et al., 2010).   Moreover, a more potent waste stream that has been suggested as nutrient source for microalgae cultivation is landfill leachate which comes from the biodegradation process in landfills (Wong et al., 1990).  The leachate aqueous by-product contains a very high level of nitrogen which has been reported up to 5000 mg L-1 and includes additional microalgae nutrient such as phosphorus (Mustafa et al., 2012). The nature of leachate quality can vary enormously due to dependent factors such as landfill maturity, type of waste and geographic weather discrepancies to name a few (Lin et al., 2007). Nonetheless, as with other waste streams, cost and energy intensive treatments to reduce toxicity before discharge are mandatory for the preservation of water quality and aquatic life (Renou et al., 2008). This consequently led to initial research focus on lowering toxicity of leachate through energy efficient microalgae cultivation treatment (Tam and Wong, 1989; Lin et al., 2007; Tsarpali et al., 2012).   However, in recent reports primary attention has shifted towards cultivation.  More specifically, an approach of diluting pure leachate to make such high nitrogen concentrations more tolerable has being undertaken to assess growth capabilities of already established microalgae species. Limited results thus far have shown the most promise at 10% leachate in water dilutions, with reports of maximum biomass concentration of 1.58 g L-1 for Chlorella pyrenoidosa simultaneously accounting for almost 99% total nitrogen uptake (Zhao et al., 2014). Interestingly, the same study suggests a drop in maximum biomass concentration of around 40% when the leachate concentration is doubled to a 20% indicating the sensitive nature of current species in such high nitrogen concentration exposure (Zhao et al., 2014).   Furthermore, it is known for microalgae and bacteria to coexist in culture (Yang, 2011), this has also been shown to transpire in all waste streams (de-Bashan et al., 2002). Due to illumination applied to microalgae cultivation the balance has been shown to naturally favour the dominance of phototrophic microorganism (Zhao et al., 2014). 
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2.2.5 Temperate and Climate Algae Cultivation Effects 
 It has long been suggested that microalgae cultivation in temperate regions would require additional maintenance to achieve comparable biomass production to a similar facility based in a warmer climatic region (Chisti, 2007). However, limited literature has presented arguments both in advocating the importance of temperature and light for cultivation and in renouncing their significance. The latter was suggested by Holmgren (1984), wherein nutrient supply was controlled in three subarctic cultivation lakes and compared to that of a natural control lake with the same environmental conditions. More specifically, it was shown that when the lakes are enriched with abundant amounts of N and P, algal biomass production is similar to that seen in warmer climates. On the other hand, Shang et al. (2010) describes water temperature as a dominant parameter, as it determines both growth rate and the length of the growth season. Multiple authors suggest that the optimal temperature for algal cultivation falls between 15-30oC with any increase or decrease being likely to kill or otherwise damage the cells (Chisti, 2007; Demirbas and Demirbas, 2011; Fouilland et al., 2014).   With respect to illumination, this is usually at a lower intensity during the winter seasons in temperate regions. The photoperiod also decreases at higher latitudes, inevitably leading to a decrease in productivity due to the photosynthetic nature of the cells concerned. Recent work has been concentrated in warmer climatic regions where light and temperature provide near optimal conditions for high biomass yields; and as highlighted by Hulatt and Thomas (2011), current data for microalgae cultivation in mid-temperate latitudes is still limited. Nonetheless, broad improvements to temperate climate cultivation are discussed to incorporate artificial lighting and heating systems to compensate for temperate climates’ shortfalls in cultivation productivity (Hulatt and Thomas, 2011; Shang et al., 2010). One possible economically feasible option suggests the use of flue gas not only as a supply of CO2 but also as a source of temperature control (Shang et al., 2010). However, an immediately apparent issue is that the temperature drops to lowest point during the night when CO2 is not required by algal cells. Another workable scenario involves the deployment of waste heat in the cooling water for nuclear plants (Wilde et al., 1991).  An important aspect of microalgae cultivation is the lipid content within the biomass. Temperate conditions have yet to be extensively studied in terms of lipid production; work conducted in a range of temperatures and light intensities gives indication, however, that these varies due to a limited number of species studied in this way. Yeesang and Cheirsilp (2011) reported an increase in lipid production with higher light intensities suggesting the importance of light. On the other hand, Tang et al. (2011) indicated that light intensity had no significant effect on oil content but only on growth rate. Zhu et al. (1997) measured lipid accumulation as being higher with increased temperature conditions.  
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2.3 Algae Harvesting and Concentrating 
 Algae harvesting techniques, which involve the separation of algae from the medium or broth, have so far proved to be unsustainable on a large scale mainly due to high costs involved in energy intensive technology such as centrifugation (Barros et al., 2015). There is ongoing research and some new technologies might be in the development process but to the best of our knowledge nothing has so far been demonstrated as being tested and successful on a large scale and at a low cost, to favour the scale needed for economically viable biofuel production. Currently, the main producers of algae (Earthrise Nutritional and Cyanotech Corp.) uses an expensive harvesting technology such as centrifugation. The harvesting process can be aided by flocculation; induced flocculation is achieved through the use of certain chemicals while auto-flocculation is self-induced through natural settling (Gerde et al., 2014). This natural settling of the algal biomass has been reported widely as well as observed in the lab by us. However, trying to control this process and employ it as a harvesting technique has so far been proven unsuccessful (Wan et al., 2015). Apart from settling, it has been observed that sometimes the algal biomass can float, either due to natural buoyancy (due to e.g., a high content of oil) or by using a process such as dissolved air flotation. It can be cost effective to use small quantities of chemical flocculants (polymers) to aid in such a process depending on the amount used.   
2.3.1 Algae Flocculation  
 Flocculation is a process where chemicals induce microalgae cells to form lumps such that they can be separated from the medium. Flocculation is usually induced by the addition of chemicals to the medium and can be used as an initial phase of dewatering that could considerably enhance further harvesting techniques. Microalgae do not self-aggregate within a suspension due to carrying negative charge. This surface charge can be neutralised by introducing certain cationic chemicals called flocculants, which coagulate the algae without having an effect on the composition and toxicity. Some commonly used flocculants are multivalent salts such as Al2(SO4)3 (aluminium sulphate), FeCl3 (ferric chloride) and Fe2(SO4)3 (ferric sulphate). The harvesting efficiency of these different flocculants varies, depending on their ionic charges. An efficiency of approximately 80% was reported by Knuckey et al. (2006) when using Fe3+ flocs with an induced pH level to harvest various types of algae. Chen et al. (2008) noted that the flocculation efficiency in using ferric chloride as a flocculant for harvesting Aphanothece halophytica was inhibited by the amount of polysaccharide released. Therefore, to maintain the efficiency of flocculation, extra quantities of ferric chloride are needed. Molina Grima et al. (2003) also demonstrated the use of metal salts as effective flocculants for algae harvesting.  
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Polyelectrolytes, which are cationic polymers, are another variety of flocculants that have the advantage of linking cells together physically. The specific properties of the polymer such as molecular weight, charge and concentration will ascertain the extent of aggregation induced by the polyelectrolytes. It has been observed that the binding capabilities of the polymers can be increased by increasing their molecular weight and charge. The properties of the algal culture, such as the charge of the broth, the pH, and the biomass concentration, will also influence the choice of polymer. It was observed by Tenney et al. (1969) that cationic polyelectrolytes provide better flocculation results for the Chlorella species of algae, while anionic polyelectrolytes produce no flocculation at all. The use of organic flocculants has the advantage of less sensitivity to pH so a lower dosage is required for the flocculation process (Sharma et al., 2006). There is also a commercially available product called chitosan, which is generally used for water purification purposes, that has the capability to be used as a flocculant. However, it is not suitable for large scale economic algae dewatering due to high costs involved. It should also be noted that brackish or saline water would require an additional chemical flocculant to induce flocculation.  A number of studies have been conducted to test the efficiency of chitosan as a flocculant for various strains of algae. Divakaran and Pillai (2002) assessed the proportional correlation between the rate of flocculation of Spirulina, Oscillatoria, Chlorella and Synechocystis and the concentration of chitosan used. They observed that with a higher concentration of chitosan a faster settling rate of the algae was achieved. It should be noted that the harvesting outcome of flocculation will vary due to the varied concentrations of chitosan that would be required for different species of algae. Heasman et al. (2000) observed that 40 mg L-1 of chitosan was required to complete the flocculation process for 
Tetraselmis chui, Thalassiosira pseudonana and Isochrysis, while 150 mg L-1 of chitosan was necessary to complete the flocculation process for Chaetoceros muellaris.  Although the operating cost of using chemical flocculation in algae harvesting on small scale is low, the chemicals that are used in the flocculation process can have a damaging effect on the environment (Li et al., 2008). However, algae can flocculate independently, if the CO2 supply to the algal system is interrupted – this is known as auto-flocculation. Mostly, this phenomenon is associated with hard waters that have a high pH level, often as a result of CO2 photosynthetic consumption that leads to the precipitation of salts such as magnesium, calcium, phosphate, and carbonates that react with the algal cells (Sukenik et al., 1984). For example, if calcium phosphate is present, excess calcium ions, which are positively charged, bind together with the algae cells, which are negative charged, and thus result in auto-flocculation occurring.  
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2.3.2 Centrifugation 
 The current preferred method for algal cell harvesting is centrifugation (Molina Grima et al., 2003). In a centrifuge, centripetal acceleration is applied to separate the algal growth medium into regions of different densities. Once separated, the lower density excess medium can be drained to extract the higher density algae. Filters can also be employed during this process to aid in separating the algae from the medium. There has been some documentation of using centrifugation as a separation method for algae in early works, such as the comparison of different techniques in harvesting microalgae presented by Sim et al. (1988), who noted that centrifugation was as efficient a technique as dissolved air flotation and drum filtration for the purpose of biomass recovery. Heasman et al. (2000) later reported that by centrifugation at 13,000g, a cell viability of 88–100% and a harvesting efficiency of around 95–100% could be achieved. However, it was only when the suspended sediment concentrations were above 30 mg L-1 that laboratory centrifugation was reported to be more suitable.   While centrifugal techniques are highly reliable in the production of metabolites, they have the limitations of high gravitational and shear forces experienced during the spinning process that can cause damage to the algal cell structure. This limits the speed that can be employed in the centrifugation process. Centrifugal methods can also be expensive due to high energy consumption, especially when separating large volumes of medium. Mohn (1980) provided a comparison of the appropriateness of different types of centrifuges for the dewatering of microalgae. The key factors used for the comparison in the study included: the energy consumption, the concentration factor produced, the relative cost, the operation mode, and the concentration method used. 
 
2.3.3 Filtration 
 Filtration technologies have so far been the most competitive harvesting method for the dewatering of microalgae cultures, and advances in these technologies could be the key to unlocking large-scale commercial harvesting in the future. Filtration methods result in an accumulation of the algae paste as the medium passes through filters. A number of different filtration methods can be utilised depending on the size of the algae strain, such as vacuum filtration, microfiltration, ultrafiltration, dead end filtration and tangential flow filtration (Danquah et al., 2009).  A comparison of the different types of pressure and vacuum filtration units that could be appropriate for the dewatering of microalgae has been provided by Mohn (1980). His study noted that both the pressure belt filter and vacuum filter thickener were not suitable for harvesting, and hence they were not recommended for use with their tested C. Proboscideum strain due to the high costs involved in the process (Mohn, 1980).   
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Pressure filtration and tangential flow filtration (TFF) were shown to be energy efficient as dewatering methods in recent studies (Danquah et al., 2009). This was based on the fact that taking into account the initial feedstock concentration and output, the amount of energy consumed was considered adequate. Simple filtration methods like dead end filtration are not suitable for use on their own as dewatering methods due to issues with back mixing. Nevertheless, centrifugation can be combined with simple filters to provide better separation. Data on the concentration factor as well as the energy consumption of specific filtration units has been presented by Mohn (1980) and Danquah et al. (2009). It should be noted that while filtration techniques can be considered a promising dewatering option, there are the issues of hidden pre-concentration requirements and extensive running costs that have to be taken into account.  
2.3.4 Forward Osmosis  
 The forward osmosis (FO) technique utilises the natural process of osmosis by manipulating osmotic pressure between two aqueous solutions, namely the feed water and a draw solution also refered to as premeate containing suitably selected draw agents that are separated by a semi-permeable membrane (Figure 2.8). The synthesised concentration difference, in turn, results in the movement of water from low concentration to high concentration (measured as water flux - Jv  L/m2h). More specifically, water will move from the feed solution with a low osmotic pressure across a semi-permeable membrane to the premeate or draw solution (DS) at a higher osmotic pressure. In order to facilitate such water movement, the general potential difference across the membrane which is 
known as the osmotic pressure (Π) must be achieved initially and maintained throughout (Modern Water PLC, 2012). The value of Π represents the hydrostatic pressure that must always be applied on a higher concentration solution in order to stop solvent flux.   
  
Figure 2.8. Schematic of forward osmosis (adapted from Hydration Technology Innovation, 2014) 
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 Arguably, one of the most crucial elements in progressing FO technology in any field is the choice of draw solution. This is not only required to possess a minimum osmotic gradient compared to the feed water but must also have economically viable minimal toxicity constitutes, which could be recovered and replenished (Ge et al., 2013). With this in mind, most published studies relating FO dewatering have focused on single chemical draw agents as opposed to mixture blends some of which have been listed in Table 2.8.   A few studies have been conducted in other industries which make use of forward osmosis technology for product dewatering and concentration purposes. In the food and beverage sectors, Garcia-Castello et al. (2011) evaluated the FO process for dewatering press liquor derived from orange production. Two different sodium chloride draw solution concentrations (2M and 4M) were investigated for their ability to concentrate synthetic press liquor. A concentration factor of up to 3.7 was achieved with the 4M NaCl draw solution. Fouling behaviour was also studied by individually identifying and isolating key components of the press liquor responsible for fouling. The outcome of which suggested that the pre-treatment process to remove the most influential fouling component, in this case pectin, to enhance dewatering, had a maximum concentration factor of 1.44 when present in the solutions (Garcia-Castello et al., 2011).     
Draw Solution Chemical 
Component 
Reference 
NaCl 
Achilli et al., 2010 Buckwalter et al., 2013 Honda et al., 2015 Zou et al., 2011 
MgCl2 Achilli et al., 2010 Zou et al., 2011 
NH4Cl Achilli et al., 2010 Phuntsho et al., 2011 
KCL Achilli et al., 2010 Phuntsho et al., 2011 
(NH4)2SO4 Achilli et al., 2010 Phuntsho et al., 2011 
Ca(NO3)2 Achilli et al., 2010 Phuntsho et al., 2011 NaHCO3 
Achilli et al., 2010 
Na2SO4 CaCl2 KHCO3 NH4HCO3 K2SO4 KBr MgSO4 NH4NO3 
Phuntsho et al., 2011 NaNO3 NH4H2PO4 (NH4)2HPO4 KNO3 C3H8O3 Sobczuk et al., 2015 
Table 2.8. Individual chemical compounds utilized as draw agent constitutes 
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Another study conducted by the same group evaluated the performance of sucrose concentration using FO against pressure driven membrane technologies, such as reverse osmosis, which works by using applied pressure on onside of the membrane forcing solvent through and retaining molecules too large to pass through the membrane pores. A concentration factor of 5.7, with a starting sucrose concentration of 0.29M was achieved, twice that commonly obtained in reverse osmosis (Garcia-Castello et al., 2009). Holloway et al. (2007) also uses FO on a bench scale for the concentration of anaerobic digester centrate as a pre-treatment for reverse osmosis (RO), with results suggesting that a high water flux and nutrient rejection is achievable over time. Another sector were FO has been explored is the pharmaceutical industry; here studies have been conducted to integrate FO with membrane distillation for the concentration of protein solutions (Wang et al., 2011). Results suggest that feasibility is dependent on DS concentration. With a higher DS concentration resulting in higher fluxes, the group concluded in favour of a FO-MD hybrid system due to its low temperature and pressure requirements, as well as repeatability, controllability and predictability.  In connection with the cultivation of microalgae, the National Aeronautics and Space Administration (NASA) have begun pilot-scale trials in a project named Offshore Membrane Enclosure for Growing Algae (OMEGA) which utilises FO in enclosed flexible photobioreactor system that are placed on the surface of the ocean (Figure 2.9a). Conceptually these offshore FO membrane enclosures should allow fresh water to flow out into the ocean and retain the cultivated algae and nutrients (Figure 2.9b). These inexpensive flexible photobioreactor systems also allow for CO2 absorption and O2 release via osmosis (OMEGA, 2012; Wiley et al., 2013). Other important advantageous operating aspects of such a system include the exposure to solar energy, the easily achieved mixing by the 
ocean’s waves as well as the maintenance of temperature by the heat capacity of the ocean. Contamination due to bag rupturing is also described as minimal due to the use of fresh water algae which is unable to survive in seawater.  
 
 
Figure 2.9. (a) Illustration of the OMEGA system at work. (b) Showing wastewater with algae circulating through photobioreactors floating in a seawater tank at OMEGA research facility in San Francisco (adapted OMEGA, 2012). 
-b- -a- 
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 More specifically, only preliminary microalgae FO dewatering work has thus far been explored, involving known semi–permeable membranes and draw solutions, with a large focus on fouling issues due to the nature of the feed containing microalgae cells. Zou et al. (2011) tested the role of physical and chemical parameters on FO membrane fouling during algae separation by utilising a Hydrowell cellulose triacetate filter with a cross section of <50µm acquired from Hydration Technology Inc. The group compared two draw solutions (NaCl and MgCl2) at varying concentrations to establish their effects on membrane fouling. Results indicated that a higher DS concentration led 
to more severe fouling. The orientation of the membrane’s active layer was also found to heavily influence fouling, with a higher fouling rate being reported when the active layer of the membrane was facing the draw solution.   Moreover, baseline experiments without membrane fouling were initially conducted to assess the FO performance in both membrane orientations (active layer facing the DS and active layer facing the feed water), results of which suggested at higher DS concentration the active layer facing the DS produced a better FO performance (Table 2.9). However, it was observed that doubling the DS concentration did not double the water flux in the linear way as was predicted by the classic solution-diffusion model. Instead, the increase had a lower effect each time the DS was doubled. This observation was attributed to the internal concentration polarisation (IPC) phenomenon, which is caused by the accumulation of solutes from feed water in the porous support layer of the FO membrane and/or by the reverse-diffused solutes from the concentrated draw solution. The ratio of solute flux over water flux (Js/Jv) throughout was nearly constant, further suggesting that the solute flux may also by affected by the internal concentration polarisation phenomenon.  
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Table 2.9. Water & solute flux under baseline conditions without foulant presence in feed water (adapted from Zou et al., 2011)  
Draw Solution 
Membrane 
Orientation 
DS 
Concentration 
Osmotic Pressure 
Difference (MPa) Water Flux Jv –( L/m2h) Solute Flux Js –( mol/m2h) Jv/Js (M) 
NaCl 
AL-facing-DS 0.5 2.26 16.9 0.52 0.0307 1.0 4.65 26.8 0.83 0.0310 2.0 9.99 36.3 1.17 0.0323 4.0 23.0 48.1 1.52 0.0316       
Al-facing-FW 0.5 2.26 10.1 0.34 0.0338 1.0 4.65 15.8 0.53 0.0335 2.0 9.99 22.9 0.81 0.0353 4.0 23.0 28.8 1.02 0.0353        MgCl2 AL-facing-DS 0.5 3.81 22.3 0.13 0.0059 2.0 25.5 55.4 0.37 0.0066  In terms of fouling, Zou et al. (2011) indicated severe fouling occurring with a NaCl DS greater than 2M at a maximum water flux of 36 L/m2h (Figure 2.10). With DS concentrations at 4M and 5M showing a similar fouling and flux reduction trend from their respective baseline curves, suggests a greater permeate drag force was being experienced by the foulant at increased flux. When the orientation of the active layer of the membrane was flipped towards the feed water containing algae, the fouling test proved to be almost identical to their respective baseline test at various concentrations (Figure 2.11). This suggests that severe IPC is responsible for lower initial flux leading to less fouling.  
 
Figure 2.10. Showing FO fouling behaviour against baseline conditions at different NaCl DS concentrations, with the active layer facing the draw solution (adapted from Zou et al., 2011). 
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Figure 2.11. Showing FO fouling behaviour against baseline conditions at different NaCl DS concentrations, with the active layer facing the feed water (adapted from Zou et al., 2011).  The effects of chemical parameters were also investigated by a Singaporean based group (Zou et al., 2011), where no evidence was found to suggest pH affected fouling under a relatively low water flux (Figure 2.12). With respect to the two draw solutions (NaCl and MgCl2) investigated, it was concluded that MgCl2 caused severe fouling as a result of interactions between the Mg2+ that had 
crossed over from the DS to the FW via reverse diffusion and the microalgae’s extracellular polysaccharides (Figure 2.13).  
 
 
Figure 2.12. Showing FO behavior at varying pH values, with the active layer facing the draw solution (adapted from Zou et al., 2011). 
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Figure 2.13. Showing effect of NaCl and MgCl2 on FO fouling, with the active layer facing the draw solution (adapted from Zou et al., 2011). 
 
 
2.4 Biodiesel Production   The production of biodiesel from algal oil is not a new process, with its roots dating back to the 1940s (Van Gerpen, 2005). The commercially applied process known as transesterification (ester exchange reaction) is undertaken once harvesting and separation of algae biomass derived lipids has been carried out (Zhang et al., 2015). Typically, the lipid feedstock holds between 90-98% weight of triglycerides, with the rest consisting of mono/di-glycerides as well as free fatty acids. Other trace elements of residual amounts of carotenes, phospholipids, and sulphur compounds have been reported (Bozbas et al., 2008).  The process illustrated in Figure 2.14 undertakes a chemical reaction utilising alcohol (methanol in particular) to produce methyl esters of fatty acid. More specifically, the usually viscous algal long chain triacylglycerides (TAGs) are reacted with methanol in a catalyst assisted reversible reaction to produce glycerol and the desired fatty acid methyl esters (FAME) or biodiesel. Either a homogeneous or heterogeneous acid or base catalyst can be adopted, with homogeneous alkali catalysts such as NaOH or KOH being preferred on an industrial level. Typically the molar ratio of 6:1 (alcohol:oil) is adopted instead of the theoretically sufficient 3:1, to ensure reaction is completed accurately and efficiently. Mata et al. (2010) reported that the theoretical relation between input feedstock and output methyl ester is 1:1, thus 1kg of oil should result in 1 kg of biodiesel.    
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Figure 2.14. Overall transesterification of triglyceride to methyl esters   On an industrial scale, the conversion of triglycerides into methyl esters are undertaken in large continuous stirred-tank reactors (CSTR) with the initial addition of approximately 80% of total alcohol and catalyst in the first CSTR. The remaining 20% is added after the initial output from the first CSTR has passed the glycerol removal step for an increased efficiency of the complete reaction (Van Gerpen, 2005). The stream then passes through either a falling film evaporator or vacuum flash to remove excess methanol, after which the methyl esters undergo a neutralisation step, which reduces the water required for washing later as well as minimises the formation of emulsions. Acid is also added at this stage to neutralise any remaining residual catalyst or any soap, which have formed into water soluble salts and free fatty acids. Water washing is then carried out at this stage to remove any remnant of catalyst, salt, free glycerol, soap as well as methanol. Finaly water is removed from the biodiesel by a vacuum flash process to give a finished product (Figure 2.15).  
  
Figure 2.15. Process flow schematic for biodiesel production (adapted from Van Gerpen, 2005)  
 
34 
 
2.5 Modelling   Computer simulations play a crucial part in many aspects of process optimisation. A well prepared model has the ability to be utilised to solve various issues such as design, control and economical optimisation. It can be an important aid in refining a process as with a given set of data it is able to predict the output response of the process concerned. Within this fluid research sector all aspects from strain selection, cultivation, dewatering to oil conversion would need to be first optimised individually and then collectively to reach the ultimate goal of commercially viable biodiesel production from microalgal biomass. Currently, it seems apparent from the various published studies that an array of simulations are being undertaken without a core stable path for a single proven system from start to finish being optimised (Bernard et al., 2015; Wang et al., 2015). More specifically, several studies have been conducted thus far covering aspects interesting theories in closed system cultivation, from the effects of flashing light on cultivation (Sato et al., 2010) to introducing pulse burst of concentrated flue gas into the cultivate broth (He et al., 2012). Other literature have also provided practical insight into designs of open system raceway designs and fundamentally microalgae strain screening (James and Boriah 2010; Huesemann et al., 2013).   More specifically, James and Boriah (2010) utilised modified versions of the U.S. Environmental 
Protection Agency’s Environmental Fluid Dynamics Code (EFDC) and the U.S. Army Corp of 
Engineer’s water-quality code (CE-QUAL) to model Phaeodactylum tricornutum growth kinetic’s as well as hydrodynamics in an open-channel raceway setup. The model used a curvilinear orthogonal grid setup to simulate raceway pond. The pond was initially fully saturated with CO2 and nutrients are available in excess to a non-inhibitory level. The initial algae concentration was 0.6 g m-3. Atmospheric data from Palm Springs, California during winter and summer 2005, which included temperature (wet/dry bulb), wind velocity, incident radiation, cloud cover, evaporation, precipitation, relative humidity and atmospheric pressure was utilised.   
The group’s results suggested lower algae concentrations during the summer month of July compared to the winter month of January. This was due to the optimum growth temperature of P. 
tricornutum being around 20oC. The atmospheric temperature for the region simulated was between 9-26oC during January and 26-41oC during July. The study also concluded that increasing the flow rate of the raceway pond over 6.25 l s-1 did not increase algae concentration. More specifically, a 10 fold increase had minimal impact as the pond was already well mixed at the initial flow rate. When the flow rate was dropped to 0.625 l s-1 a decrease in the algae concentration was observed indicating incomplete mixing of the growing media. The model is therefore able to optimise the flow rate for a given raceway configuration by minimising motor power requirements.    
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The effect of maintain the atmospheric temperature at the optimum of 20oC was also considered and simulated. When comparing the results to normal conditions over the same period, it is clear that a more stable water temperature range from 17-26oC was achieved. This inevitably leads to higher algae concentration over the same period.  Huesemann et al. (2013) also utilised a model to predict microalgae biomass growth in raceway ponds. Moreover, only two easily measurable species-specific model input parameters where used, the specific growth rate as a function of light intensity and the biomass light absorption coefficient. The model assumed that the culture was well mixed with a constant temperature and that all culture conditions such as CO2, pH and nutrient supply were always at optimum levels. Only light intensity affected growth of individual cells suspended in culture. As the algae concentration increases the light intensity decreases via absorption and scattering as it penetrates into the culture.   Furthermore, Yang et al. (2011) devised a mathematical model to simulate the behavior of an open pond system with a particular focus on microalgae biomass production based on the treatment of wastewater, and CO2 fixation and removal. The objective of which was to provide guidance to the future practical development of multi-functional algal ponds. This was achieved through considering a wastewater pond feed as a primary substrate and nutrient source for the algal-bacterial consortium, which was further enhanced toward algae by the inclusion of additional CO2 supply in the form flue gas (Figure 2.16). Consideration taken into account during model design included the pond depth, wastewater composition, flow rate and hydraulic retention time as well as CO2 aeration area.  
 
Figure 2.16. Algal pond schematic for model design (adapted from Yang, 2011)  
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2.6 Summary  
 By conducting a review of literature within this field a greater understanding was gained of previous, current and ongoing research to cultivate and harvest microalgae for the purpose of biofuel production. The refinements and modifications which have been acted upon and suggested in terms of parameter controls, additional illumination, novel cultivation designs and FO dewatering technology show promise towards a future for commercial viability of this field. Moreover, it is apparent that this subject represents potential alternatives to the traditional nonrenewable crude oil fuel source, with wider environmental implications by directly tackling global issue of climate change.   The industrial feasibility of microalgae based-biofuels production represents the main disadvantage for its application and is also closely linked to volatile crude oil market. For this reason, the appetite and investment risk has thus far taken a reluctant view towards funding capital for demanding biofuel research projects (Singh and Gu, 2010).  Moreover, the copious industrial phases which are required for a crude oil competitive facility would require a wide array of research and development successes in two respects covering: upstream biomass production which encompasses all growth associated items from cultivation system, climatic condition and waste stream cultivation. Followed by downstream biomass dewatering and concentrating in the form of either centrifugation, filtration forward osmosis before lipid extraction for transesterfication conversion into biofuels product.   A full theoretical understanding, together with improvement of technological applicability, is necessary to mark the microalgae-based biodiesel as a tangible competitive process for fuel production (Malcata, 2011).  Many gaps still exist and investigations, in both theoretical and experimental aspects, are still a must to ensure a correct and stable progression towards the ultimate aim of commercial feasibility. More specifically, this program has identified and selected several features of the upstream and downstream processes to explore, including lack of direct comparison between different climatic conditions; annual seasonal highs and lows impact on temperate climate cultivation; leachate waste stream based cultivation with leachate isolated microalgae species; microalgae nutrient-based draw solution to dewater microalgal biomass from culture using forward osmosis. These gaps in literature will be tackled with simulations of regional data for cultivation in temperate verses hot environments. Followed by, experimental assessment of temperate climate cultivation in an advance photobioreactor, before engage the economic element of the process through utilising leachate-native microalgae specie for our upstream target and exploring the dewatering performance of forward osmosis technology to address downstream aspect. 
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  Chapter 3     Model-based Comparison of Algae Cultivation Potential in Different Climates 
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3.1 Introduction 
 With an ever increasing demand on the decreasing stocks of crude oil, the necessity to reduce carbon emission and an expanding global population, more work is being undertaken to find an alternative sustainable source of energy. Microalgae have been identified as a promising option to reduce the existing international energy issues, however, several bottlenecks must be resolved to enable the commercialisation of the process from start to finish becoming competitive to the existing supply of crude oil. Benefits of a potential carbon neutral source of energy and the ability to utilise non-arable land such as desert as well as prospect of cleaning wastewater or leachate, all act in a two-fold capacity by being attractive to global audiences as well as reducing production cost.   In order to be economically feasible, extensive cultivation is required to deliver higher biomass concentration per area to cover the costs in terms of plant capital and operational (Darzins et al., 
2010). An open pond system could be a possible way forward due to the enormous volume requirement to meet demand. Therefore, such a system should be located on inexpensive non-arable land and utilise wastewater/leachate stream as nutrient source in principle.   The aim of this chapter was to evaluate the impact of geographic climatic condition on algal biomass production to improve the understanding of regional growth capabilities. The objective was to compare and contrast between the growth of algal biomass in two different climatic conditions via computer simulation before identifying the order of importance of two sets of data, solar (light intensity/photoperiod) and temperature with temperate climate data conditions being utilised to guide experimental investigations in Chapter 4. More specifically, the investigation will utilised a prepared mathematical model (Yang, 2011) to evaluate algal biomass production in the more economical open pond system (Section 2.2.3). The two different geographical regions were selected to represent a temperate region and a warm region; they included places of significance to this project, Camborne the warmest area within the temperate UK climate and Al Kharsaah which is a desert area within Qatar. All data was accumulated from the Atmospheric Science Data Centre (ASDC) at NASA Langley Research Centre (NASA, 2012).      
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3.1 
 
3.2 
 
3.2 Mathematical Model 
 A mathematical model was utilised from work previously done by Yang (2011) and was used to assess algal biomass production in a continuously operated open pond fed with wastewater. The open pond had both photosynthetic algae and aerobic bacteria present, with the assumption that they co-exist utilising each other’s products with symbiotic exchange of CO2 produced by bacteria and O2 produced by algae. The open pond design was the pilot scale proven raceway type. Other significant design and operation parameters such as pond volume and depth, wastewater flow rate and nutrient level were taken into consideration and are summarised in Table 3.1.  
Table 3.1. Design and operating parameters of simulated algal pond (Yang, 2011)  
Parameter Nominal Value Pond Depth (m) 0.4 Pond Volume (m3) 350 Influent Flow Rate (m3 day-1) 50 Influent BOD (g m-3) 500   In terms of the supply of CO2, only two sources were considered by the model. They included the atmospheric supply as well as aerobic digestion of the nutrients in the wastewater. Supplementary CO2 supply by gas sparging into the base of the pond was not considered in our simulation as it represents a separate level of complexity in terms of the design and operation of the pond. Other nutrients were assumed and set to be at levels which have no limiting or inhibitory effects. The modelling framework previously developed by Yang (2011) was utilised with a particular focus on the kinetic modelling of algal growth affected by temperature and light supply, represented in the following equations:    The growth rate of algae is modelled by:   
          where    and    represent specific growth rate and mass concentration of algae, respectively. Furthermore, dissolved CO2 (CO2D), total nitrogen (NT) and light intensity all impact the specific growth rate of algae as expressed:   
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where   and     are constants.      is modelled by the following equation:   
    
                 
     
 
   where T is surface temperature. The light intensity factor represented by   can be modelled by (Yang, 2011):  
   
  
  
        
  
  
    where    represents the saturated light intensity and    the (spatial) average light intensity in the pond at a particular point and time. Following Beer-Lambert’s law,    can be estimated via (Yang, 2011):  
   
 
 
              
 
 
 
 where    is the surface light intensity,   the extinction coefficient and Z the pond depth. Ke is correlated to algal concentration in the pond (XA) by (Yang, 2011):  
               where    and    are constants. The diurnal variation of the surface light intensity (  ) can be estimated by a sinusoidal function for the photoperiod (Yang, 2011):   
       
 
 
  
  
     
   
  
    where    represents the daily total pond surface light intensity,   is the fraction of photoperiod in a day, t is the relative time in the photoperiod. Outside the photoperiod    is zero.   Values for temperature (T), the total daily surface light intensity (  ) and fraction of photoperiod (  ) used in the simulation are graphically illustrated in Section 3.3. Furthermore the model parameters numerical values used in these simulations are presented in Table 3.2.    
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Table 3.2. Numerical values of model parameters used to simulate algal biomass production (Yang, 2011)  
Parameter Value Reference 
   0.001 mol CO2D m-3 Buhr and Millar (1983) 
    0.001 mol N m-3 Buhr and Millar (1983) 
   350 Cal cm
-3 Bern and Kargi (2005) 
    0.32 m-1 Jupsin et al. (2003) 
    0.03 m-1 (g/m3)-1 Buhr and Millar (1983)   
3.3 Regional Climates and Selected Locations 
 Data for each territory was gathered from the Atmospheric Science Data Centre (NASA, 2012). This provided averaging months over a 22-year period from 1983 to 2005 based on data gathered from various Earth orbiting satellites. We conducted preliminary tests on the reliability and accuracy of the NASA data by placing it against actual measured data gathered by the Meteorological Office, a UK governmental agency. A station exists in Camborne (WRDC, 2012) and data for our purpose was averaged over the period of 2005-2010 for this location. The comparison gave only an average difference of ±1.69% (Appendix 1), suggesting reasonable reliability of the NASA data set. The NASA data for both temperate and hot sites are presented in Figures 3.1, 3.2 and 3.3. It is apparent that there is an expected variation in temperature within the year with a predictable difference between the two selected locations (Figure 3.3). With respect to solar radiation data, the direct normal radiation follows a seasonal pattern similar to temperature with regards to variation and the expected difference (Figure 3.2). Greater variation in daily photoperiod is apparent between the two localities, with the UK location, Camborne, being lower during the colder seasons and eclipsing the Qatar location of Al Kharsaah during the summer period (Figure 3.1).  According to data gathered from ASDC, the warmest UK area was selected to avoid extremes. Camborne (latitude: 50.22; longitude; -5.33), which is located in the south west coast was selected to represent temperate regions where open pond based algal cultivation might be practical. On the other hand, an area in central Qatar (Al Kharsaah, latitude: 25.5; longitude: 51.25) was also selected to represent a hot region as well as to provide a good comparison to our UK temperate region.   
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Figure 3.1. Comparison of daily photoperiod, between Camborne (UK) and Al Kharsaah (Qatar). 
 
Figure 3.2. Comparison of direct normal radiation between Camborne (UK) and Al Kharsaah (Qatar). 
 
Figure 3.3. Comparison of temperature between Camborne (UK) and Al Kharsaah (Qatar). 
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3.4 Simulation Results and Discussion 
 The process modelling software gPROMS with the existing model developed by Yang (2011) was used to implement this study’s data for simulations, with all results presented in this section. All simulations were carried out for a total time of two years; the first year would allow for pond stabilisation after a transient period and the second would provide simulation results characterising the cyclic steady state. This was done to gain a more accurate representative assessment of what would be expected in terms of microalgae biomass production in a typical year of operation.   The initial two simulations were dedicated to the climate conditions of the two chosen locations respectively, without any modification to the data presented in Section 3.3 to obtain a simple comparison for both locations. The results showed algal biomass production is as expected; much more favoured in the Qatar location than the UK location overall in a typical year (Figure 3.4). More specifically, it can be seen that during the mid-summer period of an averaged year, the algal biomass concentration in the pond was almost identical for both countries with average figures of 301 g m-3 and 299 g m-3, respectively, for the month of June. This suggests that photoperiod is more significant then direct normal radiation and temperature, as both are still lower than those found in Qatar for the month of June, with only the photoperiod being 2.6 hours higher in the UK on average during June. The results also indicate large performance differences for the other months, in particular 
during the UK’s winter season, suggesting inadequate solar radiation and/or temperature conditions for high biomass yield during these periods in a typical year within the UK; this is confirmed by the start of the colder season from September. Moreover, the simulation pond based in the Qatar location was shown to have a constant and relatively high level of algal biomass concentration throughout the year, further signifying the region as being a good location for algal biomass production via open ponds in theory. 
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Figure 3.4. Model-predicted algal biomass concentration in a typical year temperature and light conditions in the UK and Qatar.  Additional simulations were designed and performed to further understand and identify the relative importance of temperature and light supply for operating open algal ponds under a temperate climate. Modifications were made to climate data that was used as input into the model for our UK location.   These included:   (1) Two simulations with the UK’s real temperature data coupled with year-round light supply at the level seen during:  April (photoperiod = 13.7 hrs, average surface light intensity = 355.20 Cal cm-2)  June (photoperiod = 16.3 hrs, average surface light intensity = 419.71 Cal cm-2)  (2) Two simulation with the UK’s real light data coupled with year-round temperatures of 20oC and 30oC, respectively.   The results of the simulation are illustrated in Figures 3.5 and 3.6. It can be seen that simulations utilising June light data throughout were almost identical to those obtained in a typical year within Qatar, floating around a biomass concentration of 295 g m-3. A similar pattern was achieved for April light data utilised in the same way, apart from a lower concentration of biomass with a peak of 275 g m-3, which however, still represents a considerable enhancement during the UK’s cold seasons.   
0 
50 
100 
150 
200 
250 
300 
350 
1 34 67 100 133 166 199 232 265 298 331 364 
Algal B
iomass
 Conce
ntratio
n (g/m
3 ) 
  Jan      Feb      Mar         Apr       May         Jun        Jul       Aug      Sep       Oct      Nov      Dec 
UK Normal Qatar Normal 
45 
 
 
Figure 3.5. Model-predicted algal biomass concentration in a typical year; monthly average normal temperature conditions against constant solar data taken from April and June.  The modifications made to run at both 20oC and 30oC saw medium enhancement of biomass production, when compared to the original performance under the real temperature profile (Figure 3.6). However, both lacked the consistency gained from the light adapting simulations of April and June, as performance was improved but still low during cold seasons. This further indicates a higher biomass production rate dependency on light conditions as the photoperiods during winter can reach as low as 8.18 hours on average in December, which is almost half that computed for June. The results of these additional simulations tend to advocate that improvements in biomass production performance from microalgae cultivation in open ponds located in a temperate region such as the UK would be influenced more by additional light supply over increased temperature control.  
 
 
 
Figure 3.6. Model-predicted algal biomass concentration in a typical year; monthly average normal solar conditions against constant temperature of 20oC and 30oC. 
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3.5 Conclusion   After carrying out various computer simulations for the analysis and comparison of algal biomass production by raceway type open pond systems in regions with temperate and hot climates, UK and Qatar respectively, it was shown that under normal circumstances our chosen temperate region of Camborne possesses a much inferior viability for annual open pond based algal biomass production compared to Al Kharsaah. From our two chosen geographical regions we then carried out additional modified simulations to further understand and identify which one of our regional parameters was most influential in terms of biomass productivity. The outcome of this recognised the greater importance of solar impact over temperature on biomass productivity. This led us to conclude that better performance in an open pond algal system can be achieved via the improvement of light supply in a temperate climate such as that found in the UK, which may assist in honing the research towards larger scale microalgae biofuel production. Furthermore, it is advisable based on initial work done in this chapter that a more effective direction of intervention is the investment in additional light supply in place of a heating system, which is more than likely to yield higher algal biomass for biofuel production. Overall, the aim of quantifying and contrasting potential biomass production in two different geographical climatic conditions was demonstrated through simulations, which were then further utilised to identify a theoretical order of influence for the three climatic parameters of light intensity, photoperiod and temperature.   
3.6 Summary   As demonstrated by this work, computer simulations are able to provide comparisons on various parameter inputs giving us a fast identification screening to which variable has the biggest impact. In this case light had a more significant influence on biomass growth in an open cultivation system over temperature. Furthermore, the importance of light conditions (photoperiod/illumination intensity) was recognised over temperature. The theme of this thesis will shift towards a more experimental focus on upstream cultivation seasonal highs (three-month summer average) and lows (three month winter average) in temperate region (Camborne, UK). This will then be followed by leachate nutrient based cultivation to explore alternative medium source before moving towards the downstream dewatering of microalgal biomass using low energy consuming forward osmosis technology.   
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  Chapter 4     Experimental Assessment of Algal Biomass Productivity Under Temperate Climate Cultivation 
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4.1 Introduction  The utilisation of microalgae, unicellular photosynthetic organisms, as a possible source for an alternative sustainable replacement for depleting fossil fuel reserves entered the global spotlight more than three decades ago (Benemann et al., 1977). Interest and research progress in this field has significantly matured since then due to further global issues arising such as climate change and energy demand from developing countries as well as a growing global population (Gavrilescu and Chisti, 2005). Biofuels derived from algal oil, in principle, seem to be a viable future competitor to crude derived transportation fuels due to their potential environmental and economical sustainability (Chisti, 2007).   Successful biofuel production from microalgae would require the correct strain of microalgae to be identified and placed into a suitable economical sound system in a feasible location to be cultivated, separated and converted into biofuels. Currently, the tabled options for mass production are open systems and closed systems. Chapter 3 looked at climatic impacts on open pond system in annual biomass production and gave an insight into the significance of computer simulations in a cultivation systems cababilities, in terms of predicted potential outcomes and allowing comparisons to be drawn via data munipulation. It was also established, in general, that an improvement of light supply was a more effective direction of investment for enhanced biomass production. This chapter will investigate the experimental growth capabilities of microalgae in a temperate climate by focusing on the high and low seasonal points of an average year.   An obvious shortfall that has been identified is the lack of temperate climate cultivation (Section 2.2.5) reported in the literature; it is widely understood that cultivation in hot regions is favoured because the climatic environment providing near optimum cultivation conditions. However, it is necessary to build a clear picture of the reasons for the shortfall to enable constructive progression. More specifically, current published work involving temperate cultivation has focused on the effect of temperature on growth rate and lipid productivity (Seaburg et al., 1981; Smith et al., 1994; Teoh et al., 2004; Morgan-Kiss et al., 2008; Sandes et al., 2008; Teoh et al., 2013).   The aim of this chapter was to assess the impact of seasonal change in a temperate region on the growth performance of microalgae to better gauge biofuel production within such climatic constituencies. The objectives included quantifying and comparing both cell duplication and biomass specific growth rates to understand differences between the highest and lowest seasonal changes. More specifically, this chapter will undertake an experimental approach in further investigation of cultivation biomass production in a temperate climate, specifically with three month data averages (Section 3.3) representing light intensity, photoperiod and temperature during the winter and summer seasons.     
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4.2 Temperate Climate Cultivation Methodology  Utilising the 5 L semi pilot scale Electrolab photobioreactor (Figure 4.1), we were able to input UK climatic data of temperature, light intensity and photoperiod. More specifically, two data sets were calculated on a three-month average spanning June, July and August for the summer setup and November, December and January for the winter setup. A constant supply of 5% CO2 and 95% air was delivered throughout each batch run time, with the pH being automatically maintained at seven; both pH and dissolved oxygen (DO) probes were calibrated before each batch. Agitation was provided by two internal impellers set at a constant speed of 300 rpm. An internal 4π quantum (360 spherical) light sensor provided a graphical insight into cell growth over the cultivation period.                
 
 
 
Figure 4.1. (a) Schematic illustration of Electrolab Photobioreactor (b) Photobioreactor and Fermac 320 system 
(c) Photobioreactor during test cultivation 
 
  
1) Day Light Bulb 
2) Air Sparger 
3) Sampling Pipe 
4) Cooling Inflow  
5) pH Probe 
6) Exhaust Condenser  
7) Internal Impellers 
8) Acid and Base Inflow 
9) DO Probe 
10) Cooling Outflow 
11) 4π Light Sensor 
 
2 
1 
3 4 6 5 
7 
8 9 10 11 
 
-a- 
-b- -c- 
50 
 
4.2.1 Materials and Setup for Temperate Climate Cultivation  The reactor light sheltering unit was adapted in-house with a dimmer feature to allow for illumination to occur by six 25W dimmable daylight bulbs, giving us a more accurate method of controlling the light intensity input for each batch undertaken. The adjustability provided by a dimming feature was preferred to the more inaccurate method of removing light bulbs to reduce the overall light intensity delivered to the cultivation broth advised to us by the manufacturers of the reactor. Moreover, the light intensity was measured using two light sensor probes, a 4π quantum 
sensor and a 2π plenary sensor. The latter was initially used to assess the light intensity hitting the liquid broth after passing through the reactor glass; this gave us an indication of what intensity needed to be set by the dimmer system to achieve as near as possible the required intensity to fulfil both the summer and winter average light intensity hitting the surface of the cultivate in the UK (Appendix 1). The 4π sensor was embedded in a central location within the reactor to record the gradual drop of penetrating light as the growth advanced during the batch run time. This confirmed growth and indicated the incidence of light penetration in the cultivate as well as demonstrating the period of the photoperiod relative to the dark period in a 24 hour cycle throughout the batch run time.  CO2 was delivered from an external 50 L gas cylinder, which was mixed with air and delivered into the reactor at 25 cm3/min via a tubular sparging pipe at the base of the reactor. An Electrolab gas analyser was used to measure the CO2 and O2 content of the vapour exiting the reactor headspace through a cylindrical condenser. The mixture of CO2 and air supply was adjusted manually through a dedicated CO2 flow meter to give a gas analyser reading of 5% for CO2.  The pH of the cultivation broth was measured by an internal pH probe and fed to a Fermac 320 hardware device, which digitally displayed the value. Our desired value was then inputted and 
automatically maintained by the Fermac’s acid and base pumps connected to pre-prepared autoclaved acid and base solutions.     The temperature was controlled and maintained at the desired level through the photobioreactor’s temperature maintenance system. Due to the cold temperature of winter conditions an additional supply of cold water (3.4oC) was required to cool the reactor to the desired temperature. This was delivered to the reactor from a PolyScience chiller, which had a 50/50 water and ethylene glycol antifreeze mixture.   A pipe with a depth of 20 cm was utilised to draw samples from the cultivation broth. It was connected to 20 ml sample bottles which were screwed into a housing unit connected to a manually operated vacuum pump. 
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 The relatively robust and easily cultivated freshwater Chlorella vulgaris (strain 211/11B) originally obtained from Culture Collection of Algae and Protozoa (CCAP, 2012) based in Scotland was used. In addition to its reported good growth rate with significant lipid content Chlorella vulgaris has also been reported to have been cultivated well in non-costly media in comparison to other strains of both freshwater and seawater microalgae (Widjaja, et al., 2009). The master stock has been sub-cultured approximately 10 times since we initially received it, each time under aseptic conditions with an autoclaved medium. Subcultures are all kept in a modified incubator at a room temperature of 25oC and average light intensity of 35 μmolm-2s-1 on a 12 hour on 12 hour off regime.  The culture medium for each batch was prepared following CCAP recommended guidelines specifically to ensure results would more accurately depict the purpose of the investigation of climatic impact of growth. The specific content of the ideal media makeup suggested by our suppliers (CCAP, 2012) is presented in Tables 4.1 and 4.2 and was always prepared within the photobioreactor prior to each batch. The system was then autoclaved on a liquid cycle at 121oC for 15 min. Once cooled to room temperature, 5 ml of each vitamin (thiaminhydrochloride and cyanocobalamin) was added via a 22 μm filter using a hypodermic needle through a self-sealing membrane on the reactor.  
 
Table 4.1. Macronutrients of medium composition  
1 L Stock Solution 5 L Medium 75 g NaNO3 50 ml 2.5 g CaCl2.2H2O 50 ml 7.5 g MgSO4.7H2O 50 ml 7.5 g K2HPO4.3H2O 50 ml 17.5 g KH2PO4 50 ml 2.5 g NaCl 50 ml Trace  (Table 9) 30 ml 
 
Table 4.2. Micronutrients of trace composition  
1 L Stock Solution (added in order) 0.75 g Na2EDTA 97 mg FeCl3.6H2O 41 mg MnCl2.4H2O 5 mg ZnCl2 2 mg CoCl2.6H2O 4 mg Na2MoO4.2H2O 
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4.2.2 Temperate Climate Cultivation Procedure  Samples were extracted from the bioreactor once a day in triplicate at photoperiod midpoint of the cultivation. A total of 10 ml (x3) was removed each time into a pre-autoclaved sampling bottle, from which 1 ml was removed for cell count purposes and 9 ml for biomass measurement purposes.   All samples which were drawn from the reactor were assumed to be representative due to the uniform mixing achieved via the photobioreactors internal impellers. For each sample 1 ml of the 10 ml total volume being dedicated to cell count. The cell count was performed using a Marienfeld haemocytometer (Figure 4.2a) and a CENTI Max Bino microscope with a magnification of up to 400X. The protocol involved the delicate loading of the haemocytometer by utilising a micropipette set at 10µl to draw from the centre of the well mixed sample bottle. This was followed by the pre-check under low magnification for any obvious abnormal distribution (Figure 4.2b). If any was found, the haemocytometer had to be reloaded and rechecked. Once satisfied by the distribution, a manual counter was used to assist in counting the number of cells in medium sized squares (1 mm2), as the batch would gradually increase in algal concentration over time, the cells in the small squares (0.04 mm2) would be counted. With each cell count session, the aim was to count not less than 500 cells in total to achieve more reliable results. The counting method would remain constant throughout, with any cell touching the upper and left square lines being counted and the bottom and right lines being ignored (Figure 4.2c). Once the cell count per small-square exceeded 50 cells on average, the sample was diluted by mixing an equal amount (500 µl) of sample with distilled water.       
          
Figure 4.2. (a) Marienfeld Haemocytometer, (b) Haemocytometer grid under x40 magnification, (c) High magnification (x100) showing small counting squares containing microalgae cells.  
-a- 
-b- -c- 
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The total number of counted cells were then placed in equation (4.1) for those counted in medium squares and in equation (4.2) for those counted in small squares to give us the cell number concentration per millilitre. More specifically, number calculated multiplied by volume factor and any dilution factor* if necessary over number of squares.  
Concentration (Cells ml  )   
 umber Counted                      2. x   
 umber of Squares Counted
 
 
Concentration (Cells ml  )   
 umber Counted                     4.0x   
 umber of Squares Counted
 
 In order to calculate the amount of dry biomass in each millilitre, we needed to separate the water from the allocated 3-9ml of sample extracted from the bioreactor. This was achieved by utilising a 22 µm filter and a vacuum pump. The first step involved heating the filter paper in a preset oven at 80oC for one hour, followed by a 15 minute cooling period in a desiccant chamber (Figure 4.3a) to avoid hygroscopic water absorption. Once pre-treated, the filter paper’s weight was recorded before it was inserted into the vacuum system (Figure 4.3b). The 3-9ml sample was then poured into the vacuum beaker to were the algal biomass was retained and water was remove. The filter paper was then once again placed for one hour in the oven, which was preset to 80oC followed by a cooling period of 15 minutes in the desiccant chamber before being weighed again. The mass of the filter paper was subtracted from the new mass and then divided by the sample volume to give the dry biomass weight per millilitre. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. (a) Desiccant chamber, containing 22 µm filter paper pre- and post-vacuum treatment (b) Vacuum system 
 
  
(4.1) 
 
 
 
(4.2) 
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4.2.2.1 Summer Average 
 The average climatic conditions of the UK summer were taken from the ASDC (NASA, 2012). The months used for the summer average conditions included June, July and August, the data of which is represented in Table 4.3.  
Table 4.3. Three month summer average data attained from NASA derived 22 year averaged data (Section 3.3).  
Average Monthly June July August 
Three Month Summer 
Average 
 
Photoperiod 
(hours) 
16.3 15.8 14.4 15.5 
 
Surface Light Intensity 
(μmolm-2s-1) 
896 883 810 863 
 
Temperature 
(oC) 
13.5 15.6 16.6 15.2 
 This data was used to set the photobioreactor, more specifically, a light timer was programmed to activate the reactor lighting system at 02.30 hours and deactivate it at 18.00 on a continuous daily cycle setting, equating to a 15.5 hour photoperiod and 8.5 hour dark period per day. The temperature was set by the Fermac 320 computer system at 15.2oC; this was controlled by heating the reactor at the base to counter the excessive cold water being delivered to the reactor’s cooling pipes by the PolyScience chiller. This technique of excessive cooling with simultaneous heating acted as a more accurate method of controlling temperature that was adopted after a few earlier cultivation test runs.  With regards to surface light intensity, this was measured for our system using an external 2π plenary light sensor placed in a central location on the inner-side of the reactor. At full capacity, the maximum surface light intensity achieved was 645 μmolm-2s-1; this was unfortunately just over 200 
μmolm-2s-1 short of the required surface light intensity. After further enquires it was decided to proceed at this level of surface light intensity to avoid a substantial delay to the experiments being conducted.  Three samples were taken each day for duplication and biomass analysis at same photoperiod midpoint. Furthermore, it was decided that three sets of batches (B2-UK-S/B3-UK-S/B5-UK-S) were to be conducted to give us an institutionally recognised average (Table 4.5). 
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4.2.2.2 Winter Average  An identical method to the summer average was adopted to obtain the average climatic conditions of the UK winter, the months along with the data are represented in Table 4.4. 
 
 
Table 4.4. Three month winter average data attained from NASA derived 22 year averaged data (Section 3.3)  
Average Monthly December January February 
Three Month Winter 
Average 
 
Photoperiod 
(hours) 
8.18 8.61 10.1 9.0 
 
Surface Light Intensity 
(μmolm-2s-1) 
171 213 351 245 
 
Temperature 
(oC) 
11.4 10.2 9.46 10.4 
  The data was introduced in a similar way to that in 4.2.2.1; the timer was programmed to activate at 07.00 and deactivate at 16.00, equating to a 9 hour photoperiod. The temperature was set at 10.4oC and the light surface intensity was set at 245 μmolm-2s-1 by the light dimming system. Daily samples were taken in triplicate for further duplication and biomass evaluation. Again, as with the summer conditions, three batches were run to achieve a comparable average; these included B4-UK-W, B6-UK-W and B7-UK-W (Table 4.5).   
Table 4.5. Experimental plan for six batches to be run in photobioreactor (PBR)  
Batch 
Photoperiod 
(hours) 
Surface Light Intensity 
(μmolm-2s-1) 
Temperature 
(oC) 
 
Summer 
 
B2-UK-S 
 15.5  863  15.2 
 
Summer 
 
B3-UK-S 
 15.5  863  15.2 
 
Winter 
 
B4-UK-W 
 9.0  245  10.4 
 
Summer 
 
B5-UK-S 
 15.5  863  15.2 
 
Winter 
 
B6-UK-W 
 9.0  245  10.4 
 
Winter 
 
B7-UK-W 
 9.0  245  10.4   
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4.3 Temperate Climate Cultivation Results  As described in section 4.2.2, samples were taken once a day in triplicate for each day of cultivation from the start of the batch to the end to track the daily progress. The summer batches were allowed to run for a total 15 days and the winter batches for 29 days. This was determined for initial equipment test batches allowing for saturation to be reached for both summer and winter climatic conditions. This run time incorporated both initial lag - stabilisation and log - exponential phases for algal growth as well as stationary phase. The death phase was not always reached, but this was not seen as vital data in our study as the overall objective was to directly compare the duplication and biomass specific growth rates of the strain in winter and summer conditions under averaged three month summer and winter temperate climatic data. The experimental data collected included cell 
count and biomass weight. Each batch’s pH, DO, internal light intensity and temperature throughout the run time was monitored and logged on a laptop connected to the Fermac 320 CPU. Below is a sub-sectional breakdown of each of the individual batches, before a collective comparison is presented (Section 4.3.3). Analyses of cultivation will then be compared to published results of a similar nature in current literature within the discussion section (Section 4.4).  
4.3.1 Summer Batches    To attain an average, three summer condition batches were run during a period of two months. Each had the same initial artificial environmental (Section 4.2.2.1) setup and all were inoculated precisely to give an initial cell count of one million cells per millilitre. The Chlorella vulgaris used in each inoculation was always taken from the last batch run, with the first inoculation being taken from a low temperature test batch run before the summer and winter batches to allow the algae to stabilise at lower temperatures. More specifically, we ran B2-UK-S, B3-UK-S and B5-UK-S as the three summer batches. The progress of each can be seen from the graphical illustration produced by the automatic monitoring system Fermac320, which takes recordings of DO, pH, internal light intensity and agitation speed every minute during the 15 day run.  
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4.3.1.1 First Summer Batch (B2-UK-S)  The first summer batch was inoculated with 82ml of cultured cells to give a start concentration of 1 x 106 cell ml-1. Figure 4.4 illustrates the course of the 15 day run providing oversight on activity in terms of DO, pH, internal light intensity, temperature and agitation speed. The latter two overlap each other (Figure 4.4), detail explained further in Appendix 2.  
 
Figure 4.4. Fermac 320 illustration of B2-UK-S 15 day run showing behaviour of dissolved oxygen, pH, light sensor, temperature and agitation relative to each other.  The cell count during this 15 day batch run and its natural logarithm (ln) equivalent is illustrated in Figures 4.5 and 4.6. More specifically, as indicated in Figure 4.5, the cell count began to increase soon after inoculation, however, it was only after day 6 that a double cell count was achieved (from 2.50 x 106 to 5.83 x 106 cell ml-1).  The log phase begun at day 6 continued until day 12 before finally plateauing at around 300 x 106 cell ml-1. The maximum cell count achieved in this batch was 331.2 x 106 cell ml-1 and came during the 14th cultivation day. The duplication specific growth rate for B2-UK-S was calculated as 0.754 day-1 from the gradient of the growth period between days 6 to 12 (Figure 4.6).  The biomass measurements were taken only after the 8th day to allow for a significant measurable mass to be recorded by our laboratory scales (Figure 4.7). As shown in Figure 4.8, a rise was recorded throughout and a biomass specific growth rate of 0.314 day-1 was calculated from the gradient of growth accruing between days 8 to 14. The initial sample at day 8 was 273 g m-3 and the maximum recorded was 1880 g m-3, which was taken and calculated from a sample form the 14th day of the batch. 
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Figure 4.5. Graphical illustration of average daily cell count for B2-UK–S over a 15 day cultivation period.  
 
Figure 4.6. Graphical illustration of ln cell count for B2-UK-S, with the slope (0.754) representing the duplication specific growth rate (day-1). 
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Figure 4.7. Graphical illustration of average daily biomass for B2-UK-S from day 8 to 15.   
 
  Figure 4.8. Graphical illustration of ln biomass for B2-UK-S, with the slope (0.314) representing the biomass specific growth rate (day-1). 
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4.3.1.2 Second Summer Batch (B3-UK-S)  The second summer batch was inoculated with 12 ml of cultured cells to give a start concentration of 1 x 106 cell ml-1. Figure 4.9 illustrates the course of the 15 day run in terms of DO, pH, internal light intensity, temperature and agitation speed. The latter two overlap each other (Figure 4.9). Discrepancy observed in pH and DO had no detrimental impact on batch (Appendix 2).  
 
Figure 4.9. Fermac 320 illustration of B3-UK-S 15 day run showing behaviour of dissolved oxygen, pH, light sensor, temperature and agitation relative to each other.  As in the previous subsection, the cell count throughout this batch duration and its ln equivalent can be seen in Figures 4.10 and 4.11. Again, the cell count indicated initial growth within the first few days of inoculation. More specifically, the sixth to seventh day count showed the first approximate doubling of the microalgae cells (from 3.79 x 106 to 9.18 x 106 cell ml-1).  The log phase in this batch began during day 6 and continued to the twelfth day before again plateauing at around 300 x 106 cell ml-1. The maximum cell count achieved in this batch was 335.8 x 106 cell ml-1; this was attained during the 15th day of cultivation. The duplication specific growth rate for B3-UK-S was calculated as 0.799 day-1 from the gradient of the growth period between days 6th to 11th (Figure 4.11).  The biomass measurements were again only taken after the 8th day to allow for a significant measurable mass to be recorded by our laboratory scales (Figure 4.12). As shown in Figure 4.13, an increase in biomass was witnessed and a biomass specific growth rate of 0.291 day-1 from the gradient of the growth period between days 8 to 13 was calculated. The initial sample at day 8 was 407 g m-3 and the maximum recorded was 2033 g m-3, which was taken and calculated from samples during day 14 of the batch. 
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Figure 4.10. Graphical illustration of average daily cell count for B3-UK-S over a 15 day cultivation period.   
 
Figure 4.11. Graphical illustration of ln cell count for B3-UK-S, with the slope (0.799) representing the duplication specific growth rate (day-1). 
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Figure 4.10. Graphical illustration of average daily biomass for B3-UK-S from day 8 to 15. 
 
 
 
 
 Figure 4.13. Graphical illustration of ln biomass for B3-UK-S, with the slope (0.291) representing the biomass specific growth rate (day-1). 
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4.3.1.3 Third Summer Batch (B5-UK-S) 
 The third summer batch was inoculated with 9 ml of cultured cells to give a start concentration of 1 x 106 cell ml-1. Figure 4.14 illustrates the course of the 15 day run in terms of DO, pH, internal light intensity, temperature and agitation speed. The latter two overlap each other (Figure 4.14), Discrepancy in recording data between days 3 & 4 had no detrimental impact on batch (Appendix 2).  
 
Figure 4.14. Fermac 320 illustration of B5-UK-S 15 day run showing behaviour of dissolved oxygen, pH, light sensor, temperature and agitation relative to each other. 
  Once again the cell counts taken on a daily basis during this batch length and its ln equivalent are demonstrated in Figures 4.15 and 4.16. Again, the data illustrates an increase in growth shortly after inoculation with the first initial doubling of the cell count occurring between the sixth and seventh days of cultivation (from 4.23 x 106 to 12.34 x 106 cell ml-1).  The log phase was commenced at the end of the sixth day and continued to the end of the twelfth day before once again plateauing at around 300 x 106 cell ml-1. The maximum cell count achieved in this batch was 343.5 x 106 cell ml-1; this was arrived at during the 14th day of cultivation. The duplication specific growth rate for B5-UK-S was calculated as 0.857 day-1 from the gradient of the growth period between days 6 to 11 (Figure 4.16).  The biomass measurements were again only taken after the 8th day to allow for a significant measurable mass to be recorded by our laboratory scales (Figure 4.17). As shown in Figure 4.18, an increase was recorded throughout and a biomass specific growth rate of 0.308 day-1 from the gradient of the growth period between days 8 to 12 was calculated. The initial sample at day 8 was 500 g m-3 and the maximum calculated biomass was achieved during the 14th day of the batch at 2122 g m-3. 
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Figure 4.15. Graphical illustration of average daily cell count for B5-UK-S over a 15 day cultivation period.  
 
Figure 4.16. Graphical illustration of ln cell count for B5-UK-S, with the slope (0.857) representing the duplication specific growth rate (day-1).  
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Figure 4.17. Graphical illustration of average daily biomass for B5-UK-S from day 8 to 15. 
 
 
 
 
Figure 4.18. Graphical illustration of ln biomass for B5-UK-S, with the slope (0.308) representing the biomass specific growth rate (day-1). 
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4.3.2 Winter Batches    As with the summer condition batches, three winter batches were also run during a period of four months. As before each had the same initial artificial environmental setup and all were inoculated precisely to give an initial cell count of one million cells per millilitre. The Chlorella vulgaris used in each inoculation was again always taken from the last batch run, with the first inoculation being taken from another low temperature test batch run before the summer and winter batches. More specifically, we ran B4-UK-W, B6-UK-W and B7-UK-W as the three winter batches. Again, as before, the progress of each batch is represented by graphical illustrations produced by the automatic monitoring system Fermac320, which takes a recording of DO, pH, internal light intensity and agitation speed every minute during the 29 day run.   
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4.3.2.1 First Winter Batch (B4-UK-W)  The first winter batch was inoculated with 34 ml of cultured cells to give a start concentration of 1 x 106 cell ml-1. Figure 4.19 illustrates the course of the 29 day run in terms of DO, pH, internal light intensity, temperature and agitation speed. Discrepancy observed in temperature, pH and DO had no detrimental impact on batch (Appendix 2).  
 
Figure 4.19. Fermac 320 illustration of B4-UK-W 29 day run showing behaviour of dissolved oxygen, pH, light sensor, temperature and agitation relative to each other.  The cell count taken once a day in triplicate for 29 days and its ln equivalent are represented in Figures 4.20 and 4.21.  The data measured indicates slow initial growth with the first sign of cell count doubling between the 13th and 14th day of cultivation (6.46 x 106 to 12.16 x 106 cell ml-1). As expected, the exponential growth occurred after a longer lag phase then that observed during the summer batches, with the log phase commencing after the 16th day of cultivation before slowly plateauing from the 24th day onwards to around 300 x 106 cell ml-1 mark. The highest cell count recorded was on the 28th day at just over 345 x 106 cell ml-1. The duplication specific growth rate for B4-UK-W was calculated as 0.362 day-1 from the gradient of the growth period between days 9 to 23 (Figure 4.21).  Biomass analysis was initiated from the 13th day to the 29th day to allow for significant measurable mass to be recorded by our laboratory weight scales. As shown in Figure 4.22, an increase was recorded throughout and a biomass specific growth rate of 0.142 day-1 from the gradient of the growth period between days 13 to 20 was calculated. The initial sample at day 13 was 358 g m-3 and the maximum calculated biomass was achieved during the 28th day of the batch at 1800 g m-3. 
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Figure 4.20. Graphical illustration of average daily cell count for B4-UK-W over a 29 day cultivation period.   
 
 
 
Figure 4.21. Graphical illustration of ln cell count for B4-UK-W, with the slope (0.362) representing the duplication specific growth rate (day-1). 
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Figure 4.22. Graphical illustration of average daily biomass for B4-UK-W from day 13 to 29. 
 
 
Figure 4.23. Graphical illustration of ln biomass for B4-UK-W, with the slope (0.142) representing the biomass specific growth rate (day-1). 
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4.3.2.2 Second Winter Batch (B6-UK-W)  The second winter batch was inoculated with 27 ml of cultured cells to give a start concentration of 1 x 106 cell ml-1. Figure 4.24 illustrates the course of the 29 day run in terms of DO, pH, internal light intensity, temperature and agitation speed. Discrepancy observed in pH had no detrimental impact on batch (Appendix 2).  
 
Figure 4.24. Fermac 320 illustration of B6-UK-W 29 day run showing behaviour of dissolved oxygen, pH, light sensor, temperature and agitation relative to each other.  Once again the cell count is taken once a day for 29 days and its ln equivalent are represented in Figures 4.25 and 4.26.  The end of the lag phase and initiation of the log phase were recorded between the 10th and 11th day of cultivation (4.18 x 106 to 7.38 x 106 cell ml-1). The cultivation curve for this batch begins to plateau from the 23th day onwards to around 300 x 106 cell ml-1 mark. The highest cell count documented was on the 28th day at just over 347 x 106 cell ml-1. The duplication specific growth rate for B6-UK-W was calculated from the gradient of the growth period between days 8 to 20 as 0.343 day-1 (Figure 4.26).  The biomass analysis was initiated from the 13th day to the 29th day to allow for a significant measurable mass to be recorded by our laboratory scales. As shown in Figure 4.27, an increase was recorded throughout and a biomass specific growth rate of 0.156 day-1 from the gradient of the growth period between days 13 to 19 was calculated. The initial sample at day 13 was 457 g m-3 and the maximum calculated biomass was achieved during the 28th day of the batch at 1870 g m-3.      
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Figure 4.25. Graphical illustration of average daily cell count for B6-UK-W over a 29 day cultivation period.  
 
 
 
Figure 4.26. Graphical illustration of ln cell count for B6-UK-W, with the slope (0.343) representing the duplication specific growth rate (day-1). 
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Figure 4.27. Graphical illustration of average daily biomass for B6-UK-W from day 13 to 29. 
 
 
 
Figure 4.28. Graphical illustration of ln biomass for B6-UK-W, with the slope (0.156) representing the biomass specific growth rate (day-1). 
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4.3.2.3 Third Winter Batch (B7-UK-W)  The third winter batch was inoculated with 21 ml of cultured cells to give a start concentration of 1 x 106 cell ml-1. Figure 4.29 illustrates the course of the 29 day run in terms of DO, pH, internal light intensity, temperature and agitation speed (Appendix 2).   
 
Figure 4.29. Fermac 320 illustration of B7-UK-W 29 day run showing behaviour of dissolved oxygen, pH, light sensor, temperature and agitation relative to each other.  The three averaged samples collected on a daily basis were again analysed in terms of cell count and biomass. The results of which are represented in Figures 4.30 and 4.31. Again, as expected, the exponential growth occurred after a longer lag phase then that observed during the summer batches, with the log phase commencing between the 11th and 12th day of cultivation (9.23 x 106 to 14.65 x 106 cell ml-1). The growth began to slow down and plateau from the 22nd day of cultivation at around 300 x 106 cell ml-1. The highest cell count was achieved towards the end of the 25th day and was just below 353 x 106 cell ml-1.    The biomass analysis was again measured from the 13th day to the 29th day (Figure 4.32), as indicated in Figures 4.33 and 4.31. The specific growth rates for B7-UK-W were 0.158 day-1 and 0.374 day-1 for biomass and duplication, respectively. The cultivation periods taken into account for calculating specific growth rates were days 13 to 18 for biomass and days 7 to 20 for cell count (Figures 4.33 and 4.31).     
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Figure 4.30. Graphical illustration of average daily cell count for B7-UK-W over a 29 day cultivation period. 
 
 
 
Figure 4.31. Graphical illustration of ln cell count for B7-UK-W, with the slope (0.374) representing the duplication specific growth rate (day-1). 
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Figure 4.32. Graphical illustration of average daily biomass for B7-UK-W from day 13 to 29. 
 
 
 
Figure 4.33. Graphical illustration of ln biomass for B7-UK-W, with the slope (0.158) representing the biomass specific growth rate (day-1). 
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4.3.3 Summer and Winter Batches Assessment 
 Three summer and three winter batches were conducted in a space of six months to obtain a three summer specific growth rate and a three winter specific growth rate for both cell duplication and biomass accumulation, summarised in Table 4.6.   
Table 4.6. Duplication and biomass specific growth rates for summer and winter runs.          Furthermore, an illustrative trend of improvement can be seen when all three batches for the same season are graphically compared both in cell duplication (Figures 4.34 & 4.35) and biomass accumulation (Figure 4.36 & 4.37).   
 
Figure 4.34. Graphical illustration of average daily cell count for 15 days for all three summer batches relative to each other (B2-UK-S, B3-UK-S and B5-UK-S)  
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Figure 4.35. Graphical illustration of average daily cell count for 29 days for all three summer batches relative to each other (B4-UK-S, B6-UK-S and B7-UK-S)  
 
Figure 4.36. Graphical illustration of average daily biomass form day 8-15 for all three summer batches relative to each other (B2-UK-S, B3-UK-S and B5-UK-S)   
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Figure 4.37. Graphical illustration of average daily biomass form day 12-29 for all three summer batches relative to each other (B4-UK-S, B6-UK-S and B7-UK-S)  As per section 4.2, six batches in total were carried out under the same UK temperate climate average summer and winter seasons at 5% CO2. The equipment was set to correspond with this data as closely as was physically possible to attain an accurate average. However, through recorded monitoring some deviations did occur on occasions during these runs as a consequence of several factors from electrical failure to equipment malfunction. The details and significance on performance of the growth is discussed in the order of light intensity, pH, dissolved oxygen (DO), temperature and agitation speed in Appendix 2. Analyses of cultivation will then be compared to published results of a similar nature in current literature within the discussion section (Section 4.4).   
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4.4 Temperate Climate Cultivation Discussion 
 The results obtained over a collective 134 days of cultivation have provided specific growth rates for 
C. vulgaris 211/11B in the UK average summer and winter periods, which incorporate variability in light intensity, photoperiod and temperature, as summarised in Table 4.7. More specifically, the duplication specific growth rates for the summer and winter averages were 0.803 day-1 and 0.360 day-1, respectively, while the average biomass specific growth rates for the summer and winter averages were 0.304 day-1 and 0.152 day-1, respectively.   
Table 4.7. Duplication and biomass specific growth rates for summer and winter runs along with their respective average and standard deviation. 
  The standard deviation of the average summer duplication specific growth rate was calculated to be relatively low at 0.052, suggesting a close correlation between the three individual summer batch runs, indicating accuracy and repeatability. A trend of growth improvement is clearly demonstrated in Figure 4.34, with an enhancement of the later batches to the prior. Upon further inspection of actual cell count numbers at the same day of batch cultivation, suggestions could be drawn with an improvement in the tolerance of the C. vulgaris 221/11B under our set conditions from environment acclimatisation. More specifically, all batches were inoculated to have an initial start concentration of one million cells per millilitre; by the eighth day the concentration of B2-UK-S was 15.0 x 106 cells ml-1, B3-UK-S was 23.8 x 106 cells ml-1 and B5-UK-S was 48.4 x 106 cells ml-1. At this stage all three batches were within the exponential phase however at different stages with regards to actual cell count as indicated before. More specifically, the second batch that was undertaken (B3-UK-S) reached a similar cell count between the eighth and ninth day of cultivation, while the initial batch (B2-UK-S) hit a similar cell count between the ninth and tenth days. Both B5-UK-S and B3-UK-S began to slow in growth and saturate around the eleventh day of the batch run, while B2-UK-S entered this phase during the twelfth day.   With regards to the biomass specific growth rate, the standard deviation of B2-UK-S, B3-UK-S and B5-UK-S was 0.016, a relatively small number that confirms that the experimental batches were accurate and reproducible. Moreover, a closer look at the final calculated biomass in g m-3 from the 
Batch Duplication µ (day-1) 
Average µDuplication (day-1) with 
 Standard Deviation 
Biomass µ (day-1) 
Average µBiomass (day-1) with 
 Standard Deviation B2-UK-S 0.754 0.803 ± 0.052 0.314 0.304 ± 0.012 B3-UK-S 0.799 0.291 B5-UK-S 0.857 0.308 B4-UK-W 0.362 0.360 ± 0.016 0.142 0.152 ± 0.009 B6-UK-W 0.343 0.156 B7-UK-W 0.374 0.158 
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experimental sampling (Figure 4.36) further validates the stated improvement of batch cultivation from the later batch to the prior. Furthermore, the initial samples taken at the start of the eighth day of cultivation for B2-UK-S, B3-UK-S and B5-UK-S demonstrated an initial biomass of 273 g m-3, 407 g m-3 and 500 g m-3, respectively. The biomasses measurement at the points of initial exponential and saturation growth all lay within the eighth and fourteenth days: eighth and twelfth for B5-UK-S, eighth and thirteenth for B3-UK-S and eighth and fourteenth for B2-UK-S (Figure 4.34). The biomass during these days all surpassed the level of 250 g m-3, when batches enter the exponential phase and all under 1900 g m-3 as the growth enters the stationary phase, further corroborating the relationship of improved growth described earlier. In comparison to simulation biomass production during the same 3 month averaged summer period had a peak concentration of 280 g m-3 (Section 3.4), which was nearer to data collected at the point prior to exponential growth in this investigation. More specifically, the point of saturation (stationary phase) was around 7 times lower under the same climatic conditions between this chapter and results in Chapter 3. This is mainly due to the experimental system investigated in this chapter which was a closed photobioreactor, this was favoured over a an open pond system modeled in Chapter 3 in order to allow for more controlled sterile conditions to be apply. Furthermore, a comparison study conducted by Chisti (2007) which was discussed in section 2.2.3 indicated an even bigger gap of over 13 fold existing between an open pond system and closed photobioreactor system, although results may vary when projected in large scale.   The standard deviations of the winter batches were 0.012 and 0.009 for the duplication and biomass, respectively, again indicating high accuracy and reproducibility. Graphical illustrations of the three winter batch runs exhibit an almost identical pattern of improvement from the prior to the later batch as that seen in the summer batches (Fig 4.35 & Fig 4.37). Moreover, with an initial concentration of one million cells per millilitre, by the 13th day of cultivation B4-UK-W reached a cell concentration of 6.5 x 106 cells ml-1, while B6-UK-W hit 14.0 x 106 cells ml-1 and B7-UK-W attained 19.1 x 106 cells ml-1. Again as with the summer batches, all three winter batches had already entered exponential phase by this point. With B4-UK-W and B6-UK-W achieving a similar cell counts to B7-UK-W of  19.1 x 106 cells ml-1 between days 15-16 and 14-15, respectively. The batches finally arrived at stationary phases during cultivation days 23, 22 and 20 for B4-UK-W, B6-UK-W and B7-UK-W, respectively.   With regards to the biomass, again as with the summer batches, samples were only analysed from days 13 to 29, to allow for sufficient biomass accumulation to exist for measurement. The initial biomass measurement was calculated to be 385 g m-3, 457 g m-3 and 533 g m-3, on the 13th day of cultivation indicating, as with the summer batches, that the exponential phase is entered around the concentration of 300 g m-3. This was the case for all batches from the first biomass sample on the 13th day; Furthermore, B7-UK-7 was the first to reach 500 g m-3, B4-UK-W and B6-UK-W reached this 
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figure during the 15th and 14th days, respectively, suggesting faster performance with the latter batches and further proving a consistent relationship with our observed theory of acclimatisation of the cell as a similar growth pattern was witnessed for all six batches. However, when compared with the same winter period acquired through simulations in Chapter 3, the biomass concentration at the stationary steady state was approximately 18 g m-3, which essentially indicated no growth and offline period within annual production without any intervention in the form of either temperature control or more valuably identified light supply.  In essence, the difference between the average summer and average winter UK temperate conditions in terms of light intensity, photoperiod and temperature were 400 μmolm-2s-1, 6.5 hrs and 4.8oC, respectively. In particular, the average summer specific growth rate in terms of duplication was 0.803 day-1 compared to 0.360 day-1 for average winter specific growth rates. This indicated that the average summer conditions provided a 55% increase in specific growth rates in contrast with average winter conditions for duplication. With regards to cell biomass analysis, a 50% increase in specific growth rates was observed between the average summer specific growth rate of 0.304 day-1 and the winter average specific growth rate of 0.152 day-1. All gradients from which the specific growth rates were calculated in both summer and winter batches had an R2 > 0.90, further demonstrating a good linear correlation between the periods selected. Moreover, the time period selected for the summer cell count batches B2-UK-S, B3-UK-S and B5-UK-S, were days 6-12, 6-11 and 6-11, respectively, while the biomass time periods were within days 8-14, 8-13 and 8-12, respectively. On the other hand, winter batches B4-UK-W, B6-UK-W and B7-UK-W specific growth rate periods selected lay within days 9-23, 8-22 and 7-20, respectively. Also, in contrast to the summer biomass time periods, the winter biomass times selected all lay between days 13 to 18-20.  Comparisons of our experimentally achieved duplication specific growth rates are substantiated with current available literature results investigating cultivation under temperate conditions. Teoh et al. (2013) assessed the response of various microalgae species to temperature stress. In particular, the group investigated two variations of the C. vulgaris species, one originally isolated from fish ponds in Malaysia (UMACC 001) and the other from a freshwater lake in the Netherlands (UMACC 248).  Both specimens were grown in conical flasks that were placed in light and temperature controlled incubators set at different temperatures ranging from 4 to 38oC, with a 12:12 hour light-dark cycle provided by cool white fluorescent lamps at a light intensity of 42 μmolm-2s-1. Likewise, with our study the growth was monitored via cell count with the specific growth rate (µ) being calculated within the exponential phase. The µDuplication optima achieved by UMACC 001 at 13oC was 0.25 day-1 and UMACC 248 at 11oC was 0.21 day-1. Both variants of C. vulgaris species used in this study slightly underperformed when compared to our average duplication specific growth rates obtained in both temperate summer and winter conditions. A study carried out by the same group eight years earlier using the same experimental setup described previously (Teoh et al., 2004), found the duplication 
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specific growth rate to be 0.24 day-1 for Chlorella UMACC 237 and 0.20 day-1 for Chlorella UMACC 234 cultivated at 9oC & 0.26 day-1 for Chlorella UMACC 237 and 0.22 day-1 for Chlorella UMACC 234 cultivated at 14oC. These temperatures are just under the temperatures of our summer and winter cultivation, however, both studies conducted by the Malaysian group are performed at significantly lower irradiances to our experimental setup, which would account for the slight difference in the duplication specific growth rate achieved in our study (Table 4.8).    Another study investigating the growth rate of Chlorella sp. found µDuplication to vary from 0.33-0.44 day-1 in various growth media under the set parameters of 10oC and 30 μmolm-2s-1 (Morgan-Kiss et al., 2008). Once again lower, however, not too far from the µDuplication value achieved within our experimental setup (Table 4.8). Again, differences in experimental variables exist between our work and theirs, mainly in strain selection, irradiance and photoperiod. Similarly, Sandes et al. (2005) reported duplication specific growth rates of just above 0.5 day-1 for the cultivation of 
Nannochloropsis oceanica at 15oC and irradiance of 80 μmolm-2s-1 and Smith et al. (1994) described a 
µDuplication of 0.57 day-1 for Nitzschia seriata at 12oC and irradiance of 50 μmolm-2s-1. Both have specific growth rates that fall within our achieved µDuplication for summer and winter conditions, but again differences in species selection, irradiances and photoperiods exist.  Seaburg et al. (1981) investigated the performance of four algal species: Chloromonas globosa, 
Chloromonas alpine, Chlamydomonas intermedia and Chlamydomonas subcaudata, under a continuous illumination of 75 μmolm-2s-1 and at nine temperature settings. The maximum specific growth rates for cell duplication for the two experiments at similar temperatures to our work ranged from 1.04-1.54 day-1 at 15oC to 0.84-1.14 day-1 at 10oC (Table 4.8). These published figures are approximately double the performance attained by this work, however, it must be noted that all four species were isolated from ice-covered lakes in Antarctica suggesting species are more adapted to colder conditions.  
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Table 4.8. Duplication specific growth rates (µDuplication) of microalgae from cultivation under certain temperature, irradiance and photoperiod from this study and published data.   
 
 
  
Species Temperature (oC) Irradiance (μmolm-2s-1) Photoperiod 
ON:OFF (Hrs) µDuplication (day-1) Reference 
C. vulgaris (CCAP 211/11B) 15.2 645 15.5:8.5 0.80 Present Study 
C. vulgaris (CCAP 211/11B) 10.4 245 9:15 0.36 
C. vulgaris (UMACC 237) 9 42 12:12 0.24 
Teoh et al (2004) C. vulgaris (UMACC 237) 14 42 12:12 0.26 
C. vulgaris (UMACC 234) 9 42 12:12 0.20 
C. vulgaris (UMACC 234) 14 42 12:12 0.22 
C. vulgaris (UMACC 247/ CCAP 11/51B) 11 42 12:12 0.21 Teoh et al (2013) 
C. vulgaris (UMACC 001) 13 42 12:12 0.25 
Chlorella sp. (strain BI) 10 30 24:0 0.33-0.44 Morgan-Kiss et al (2008) 
Nannochloropsis 
oceanica (CCAP 849/10) 14.5 80 - 0.5 Sandnes et al (2005) 
Nitzschia 
 seriata 
12 50 24:0 0.57 Smith et al (1994) 
Chloromonas 
globosa 
15 75 24:0 1.52 
Seaburg et al (1981) 
10 75 24:0 1.02 
Chloromonas 
alpine 
15 75 24:0 1.04 10 75 24:0 0.84 
Chlamydomonas 
intermedia 
15 75 24:0 1.54 10 75 24:0 1.14 
Chlamydomonas 
subcaudata 
15 75 24:0 1.06 10 75 24:0 1.10 
84 
 
4.5 Conclusion 
 The challenges involved in the cultivation of microalgae in temperate climates are yet to be fully understood due to the limited literature that has been published so far addressing this topic. Therefore, there is an academic gap that needs to be filled to help gain a deeper understanding of microalgae cultivation prospect in temperate climates. Work conducted in this chapter has added to the published results of temperate climate growth potential. We undertook annual seasonal highs and lows in three month averages to represent summer and winter cultivations. In particular, three cultivation effecting parameters of temperature, illumination intensity and photoperiod where collectively averaged in each season. With all the batches being initiated at one million cells per millilitre and being terminated at around three hundred and fifty million cells per millilitre, the resultant average duplication specific growth rate was 0.803 ± 0.052 day-1 for summer and 0.360 ± 0.016 day-1 for winter, giving a difference of 55% in cell duplication, which is corroborated by the length of the winter batches being twice as long as the summer runs. A secondary source of direct measurement was done through the actual biomass weight. This resulted in an additional specific growth rate of biomass being calculated at 0.304 ± 0.012 day-1 for the summer season and 0.152 ± 0.009 day-1 for the winter season. The difference was 5% lower at 50% between the µBiomass for summer and winter seasonal averages, further indicating an increase in time performance of more than double from the lowest to highest annual production capability, in theory, within a closed system biofuel production process located in a temperate climate.    4.6 Summary 
 The need to expand the data available in the field of temperate climate cultivation is an essential aspect of assessing the upstream viability for biofuel production in northern hemispheres. In order to combine the other characteristics of upstream facilities, such as open or closed systems and wastewater/leachate medium sources, a more comprehensive amount of published data is required  to enable a more intelligible future path to be carved out. The next chapter will investigate leachate as an alternative nutrient source, evaluating its feasibility under set conditions and at various dilutions.        
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  Chapter 5     Experimental Evaluation of Algal Biomass Potential Whilst Simultaneously Treating Urban Landfill Leachate 
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5.1 Introduction  Microalgal biodiesel is becoming widely accepted as a viable competitor to traditional crude oil derived diesel. Advantages of non-arable land cultivation; short reproduction cycle and carbon neutrality has increased its international image as a leading alternative energy source (Chisti, 2008). However, for commercial viable biofuel production to be realised, cost effective upstream and downstream avenues must be explored, established and exploited. More specifically, nutrient source is one of many aspects currently being investigated, with particular focus on wastewater-based cultivation (Komolafe, et al., 2014). The environmental and economical merits of reducing fresh water demand have the double advantage of a plentiful nutrient supply and reducing water treatment costs. In particular, published work in this area has focused on the success of algal cultivation in municipal, industrial and agricultural wastewater, all of which have high concentration of the two fundamental elements required by algae; nitrogen and phosphorous (Komolafe, et al., 2014). An alternative source of nutrients with similar economical and environmental advantages is 
landfill leachate, which is defined as “a liquid that has passed through or emerged from solid waste 
and contains soluble, suspended or miscible materials removed from such waste” (US Code of Federal Regulations, 1980). This environmentally hazardous liquid has an extremely high concentration of nitrogen, ranging from 1000 to 5000 mg L-1 as well as phosphorus and heavy metals amongst others (Zhao, et al., 2014).      Thus far, this thesis has demonstrated the significance of model based work through investigating the impact of two geographical climatic conditions on microalgal biomass production, importantly, highlighting the photoperiod as the more influential on biomass production over light intensity and temperature. This was followed by a more comprehensive in-depth experimental investigation into the temperate parameters of average seasonal light and temperature to further explore temperate climate biomass production at the highest and lowest seasonal periods of summer and winter. In turn, highlighting, an indicative gap in specific growth rates. As was the motivation of the prior chapters and the overall project aim of identifying and exploring aspect of the entire process for biofuel production. As a result a research gap was identified in the form of leachate-based cultivation and was elected to investigate. Arrangements were conducted with a group which had recently isolated and characterised the algae species, Acutodesmus obliquus, from a locally sourced landfill leachate (Ferrigo, et al., 2014) whom are based at the department of chemical engineering within the University of Padova in Italy.   The specific aim of this chapter was to explore an alternative waste stream based nutrient supply for microalgae biomass production, which can be found in large volumes to potentially cater towards commercialisation of algal derived biofuels.  The objective of which was to quantify the performance of biomass production through cell duplication, biomass accumulation and lipid content at various 
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diluted leachate medium bases. Work was also conducted towards quantifying the nutrient uptake from each medium base for further assessment towards waste stream cleaning capability of the microalgae. 
 
5.2 Leachate Based Medium Cultivation Methodology  The experimental investigation into growth potential of Acutodesmus obliquus with leachate-based medium was assessed in batch runs (Figure 5.1a) under an upstream setup designed and assembled by Italian based research group (Sforza et al. 2012). The novelty of this investigation lay within cultivating microalgae species isolated (Figure 5.1b) and characterised (Ferrigo, et al., 2014) from leachate to assess its potential.  
 
Figure 5.1. (a) Experimental setup of four run batch cultivation (b) Sterile microalgae isolation and master stock chamber. 
 
5.2.1 Materials and Setup for the Assessment of Leachate Based Medium  Microalgae obtained from the Department of Biology, University of Padova for this investigation was 
Acutodesmus obliquus (strain RL01), which was initially isolated from a pretreated leachate pond originating from an urban landfill site near Istrana, Italy (Ferrigo, et al., 2014). The initial A. obliquus stock, under aseptic techniques, was sub-cultured in 50 ml conical flask in optimal BG-11 medium (Table 5.1) for 5 days, before being transferred to a 250 ml conical flask containing 50 ml of fresh autoclaved BG-11 medium. After a 10 day cultivation period it was transferred to a 250 ml Drechsel bottle with an additional 100 ml of fresh autoclaved BG-11 medium being added to create our experimental master stock. This was sub-cultured every two weeks by removing 100 ml of cultivate and adding 100 ml of fresh autoclaved BG-11 medium each time. The sub-cultured master stock was used to inoculate each batch during this investigation. 
(a) (b) 
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Figure 5.2 Schematic illustration of Drechsel bottle 
 
Table 5.1. BG-11  medium composition  
Chemical Components mg L-1 EDTA Magnesium Disodium Na2Mg EDTA 1.00 Ferric Ammonium Citrate C6H8O7.Fe.NH3 6.00 Monohydrate Citric Acid C6H8O7.1H2O 6.00 Calcium Chloride Dihydrate CaCl2.2H2O 36.00 Magnesium Sulphate Heptahydrate  MgSO4.7H2O 75.00 Potassium Hydrogen Phosphate K2HPO4 30.50 Boric Acid H3BO3 2.86 Manganese(II) Chloride Tetrahydrate MnCl2.4H2O 1.81 Zinc Sulphate Heptahydrate ZnSO4.7H2O 0.22 Copper(II) Sulphate Pentahydrate CuSO4.5H2O 0.08 Cobalt(II) Chloride Hexahydrate CoCl2.6H2O 0.05 Sodium Molybdate Dihydrate NaMoO4.2H2O 0.39 Sodium Carbonate Na2CO3 20.00 Sodium Nitrate NaNO3 1.50 g L-1 Hepes Solution 1 M pH 8 C8H18N2O4S 10 mM L-1  Untreated fresh leachate discharge from landfill site near the municipality of Ponte San Nicolo was selected as waste stream medium base due high nutrient concentration and site locality to the university. The donated leachate discharge was stored in a freezer at -20oC for two months prior to this investigation. The 2 L bottle was then removed and used for the experiments. After each batch was prepared the leachate was then placed in a lab fridge set at 5oC.   Each batch consisted of three runs each of which was undertaken in 250 ml Drechsel bottles due to the uniformed cylindrical nature and air inlet and outlet design (Figure 5.2). Separate CO2 and air gas cylinders were regulated by flow meters to deliver a filtered (0.5 μm microfilter) non-limiting supply of 5% CO2 at a rate of 1 L hour-1.  The bubbling effect provided initial mixing of the cell suspension; this was further accelerated with the addition of magnetic stirrers, set at similar rpms, so as to provide a more uniformed mixing regime throughout the runs. All the batch runs were carried out within a large enclosed incubator preset at a constant temperature of 22oC ± 1oC. Three fluorescent bulbs within the incubator provided a constant (24:0) light supply at an intensity of 100 
μmol m-2 s-1 (Figure 5.3).  
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Figure 5.3 Schematic illustration of experimental setup utilised for leachate based cultivation. (Adapted from Sforza et al. 2012) 
 
5.2.2 Leachate Based Medium Cultivation Procedure  The experimental investigations were assessed under batch cultivation. A total of six batches were conducted, the first and second for control purposes, which consisted of two runs and one run, respectively. The latter four batches consisted of three simultaneous runs (Figure 5.3), of which the repeats were incorporated.  Samples taken using a BD Falcon ExpressTM once daily (7 ml) at the same time from each bottle, 1ml of which was dedicated for cell count, 2 ml for optical density and 5 ml for biomass purposes (the latter only on the 4th and 7th cultivation days). Larger samples taken when stationary phase had been reached for nutrient analysis.   A double-beam UV 500 – Visible Spectro manufactured by Spectronic Unicam spectrophotometer was utilised to measure the optical density of the sample on a daily basis during cultivation. The accuracy of the absorbance range at all wavelengths was predetermined at between 0.1 and 1, thus dilutions were conducted with de-ionised water when the reading exceeded 1 in all cases. More 
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specifically, for cultivation samples, the absorbance wavelength was set at λ   7 0 nm, the level at which chlorophyll does not absorb photons. Before each sample was measured, two 1 ml cuvettes were loaded to capacity with the blank solution of BG-11 and then inserted before the apparatus was zeroed at absorbance wavelength (λ  ) 7 0 nm, the level at which chlorophyll does not absorb photons. One reference blank was then left in place whilst the other blank was replaced with 1 ml cuvette containing the sample. The samples absorbance was then measured and noted. As unfiltered leachate was utilised, the absorbance of pure leachate was also measured initially against the BG-11 blank to assist with creating a more accurate growth absorbance against time curve.    Percentage of light absorbed by the algal culture within the 250 ml Drechsel bottles was calculated on a daily basis at the same time as samples being taken. More specifically, a plenary LI-COR sensor (Model LI-189) was used in measuring the initial light intensity hitting the surface of the bottles facing the light source at three locations on its total working volume height labeled as lower, middle and higher. These three measurements were then averaged to attain a figure for the surface light intensity. Subsequently, as samples were on a daily basis, three measurements for light intensity were recorded at the same time. The light probe was positioned at the opposite side of the bottles to determine the light intensity after passing through the algal culture. Again an average was calculated and then subtracted from the original average light intensity to calculate the light intensity absorbed, this was converted into a percentage to give a graphical growth illustration of increase or decrease over time. It is important to note that the bottles were securely mounted to avoid a slight change in position which would lead to inaccuracies.   Cell concentration was calculated daily from the number of cells seen under the microscope using a haemocytometer similarly to the procedure described in section 4.2.2. More specifically, a Bürker haemocytometer was used and loaded with 20 µL sample before 3 squares representing 0.1 µL volume were counted for averaging. The cell count number was then introduced into equation 5.1 to calculate the final cell concentration.  
Concentration (Cells ml  )   
 umber Cells Counted
3
                     1x    
 Again a similar procedure was undertaken to obtain the amount of dry biomass as described in section 4.2.2. The protocol only differed with a drying procedure of 10 minutes pre and 4 hours post sample vacuum assisted filtration due to the nature of the filter (Sartorius Stedim Biotech Cellulose Nitrate filter with a pore size of 0.2 µm). Initially, only samples taken on the 4th and 7th days of cultivation were measured for dry weight, due to the total volume decreasing significantly as 5 ml of sample was required in order to attain a more accurate biomass calculation. However, this changed during the last two batches as the significance of biomass increase after the first two batch analysis was concluded due to the observed unexpected changes in cell density.    
(5.1) 
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Nutrient uptake with emphasis on ammonia and phosphorus were calculated from spectrophotometer derived calibration lines on syringe-filtered samples via an Ammonia HydroCheck SpectraTest and a modified analytical process for quantifying orthophosphates (P-PO4) described by American Public Health Association (APHA-AWWA-WEF, 1992). Tests were conducted on the initial pure unfiltered leachate used in all runs and at days 4 and 7 of the designated batch cultivation period.   More specifically, with regards to ammonia an initial reagent containing hydroxides was added to each sample to convert all ammonium ions present in sample to ammonia. The sample was then treated with a colorimetric based reaction-involving reagent containing potassium tetraiodomercurate and ammonia. After a ten-minute reaction period the absorbance of the samples was measured using the double beam spectrophotometer set at λ   445 nm. Blanks were produced and used as explained earlier, with water being used as the blank solution and undergoing the addition of the two reagents as described for the samples. The absorption results were then used to obtain the concentration from a calibration line (Figure 5.4) which was predetermined in a similar way with solutions containing ammonium chloride at known ammonia concentration.  
 
Figure 5.4. Graphical illustration of calibration line of ammonia against absorbance.  Unlike ready-made reagents utilised in the test for ammonia, self-preparation of a single reagent was carried out for the measurement of orthophosphates immediately prior to analysis due to its unstable nature (3-4 hour window). The reagent was comprised of a mix of four components, three of which could be made up and stored as stock solutions and the last needing to be prepared prior to the analysis due to a 24 hour stable time period. More specifically, stock solutions of sulphuric acid 5N, potassium antimonyl tartrate and ammonium molbdate were mixed with the freshly prepared ascorbic acid in the order and quantity described in Table 5.2.  
y = 11.669x - 0.105 
R² = 1 
0 
1 
2 
3 
4 
5 
6 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
N
H3
 (m
g 
L-
1)
 
Absorbance at λ = 445 nm 
Ammonia Kit Calibration Line 
92 
 
Table 5.2. Reagent composition for orthophosphates analysis. 
 
Chemical Components   Volume (ml) Sulphuric Acid 5N H2SO4 35 ml 96% in 250 ml 12.5 Potassium Antimonyl Tartrate C8H4K2O12Sb2 0.34 g in 250 ml 2.5 Ammonium Molybdate (NH4)2MoO4 7.5 g in 250 ml 5 Ascorbic Acid C6H8O6 1.35 g in 25 ml 5  Analysis was performed on 2.5 ml filtered samples by the addition of 0.25 ml freshly prepared reagent allowing the reaction to occur for 5 minutes under a micro shaker before removing 1 ml and measuring its absorbance at a wavelength of 705 nm. Again, results were read off a calibration line (Figure 5.5) created earlier utilising the same method on known concentrations of orthophosphate solutions containing potassium dihydrogen phosphate (Tercero, et al., 2014). 
 
Figure 5.5. Graphical illustration of calibration line of orthophosphate against absorbance. 
 Lipid analysis in terms of percentage yield on dry weight was conducted using a Soxhelt apparatus (Figure 5.6a) following the method of Bligh and Dyer (1959). Moreover, once batch runs came to an end the entire culture volumes (minus the last samples) were centrifuged at 10000 rpm for 15 minutes at room temperature. The supernatant was then discarded and remaining biomass re-suspended with 5 ml de-ionised water before being left in an incubator set at 37oC for 48 hours to dry completely. Once fully dried a mortar and pestle was used to grind biomass cakes down into a fine powder. The powder was then placed in the oven for two hours at 80oC to remove residual humidity, after which, the total dry biomass and Soxhlet glass bulb were weighed using a microbalance with an accuracy of 10-4 g manufactured by Acculab Sartorius Group. The dry biomass was then transferred into a thimble filter with a porosity 0.22 µm. A solvent with 2:1 vol/vol of methanol-chloroform was then prepared before inserting the thimble containing the dry biomass within the Soxhlet apparatus, at which point the 50 ml of solvent was poured into the top to fill the glass bulb to half capacity before sealing the condenser in place.   
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The glass bulb containing the solvent was then heated via a beaker containing silicon oil at the base for the duration of the extraction period of 24 hours. The process of extraction was then initiated by the solvent evaporating and rising up the distillation chamber before passing through a coiled condenser and dripping back down into the chamber with the thimble containing the dry biomass. The warm solvent slowly floods the housing chamber which dissolves the dry biomass and retains their lipids. As the chamber reaches its limit after a few hours it is automatically emptied by a siphon arm, allowing the solvent containing the lipids in the bulb at the base of the distillation chamber. The whole process is then repeated and the solvent re-circulated and recycled each time over a 24 hour period to ensure all lipids are extracted. After this period, the bulb containing the solvent concentrated with lipid is then inserted into a rotary evaporator device (Figure 5.6b) which works by rotating the solvent bulb in a water bath at room temperature, evaporating the solvent and leaving behind lipids on the inner surface of the bulb. The vapor solvent aided by a vacuum pump travels up the slanting (60o) column and into a coiled condenser that liquefies the solvent which in turn drips into a collection sealed flask known as the reservoir. The whole process requires 3-4 hours with the end being defined by the elimination of the solvent within the initial bulb. The bulb containing the dry lipid extraction was then externally dried off and weighed. Equation 5.2 was then utilised to calculate the average percentage of lipid within the algal culture (Sforza, et al., 2015).  
         
 Mass of bulb with extracted  ipid) – (Mass of            
              
       
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. (a) Schematic of Soxhlet apparatus 1) Bulb containing extraction solvent 2) Distillation path 3) Condenser with cold water inlet and outlet 4) Extraction chamber 5) Thimble with algal biomass 6) Siphon arm 7) Silicon oil heated at 121oC 8) Soxhlet during run 9) Soxhlet after completion. (b) Schematic of Rotary Evaporator 10) Heat controlled water bath 11) Bulb containing solvent with extracted lipids 12) Rotational motor 13) Vacuum pump out let 14) Solvent collecting reservoir bulb 15) Spiral condenser with cold water inlet and outlet. 
a) b) 
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5.2.2.1 Control Batches The two control batches initially conducted were designed to provide baseline data for theoretically ideal and most hostile (naturally occurring leachate concentration) medium base to establish the high (reality) and low (ideal) limits for the batches to be undertaken at different leachate dilutions. The former comprised cultivation in sterile BG-11 medium and the latter in pure leachate, which was referred to as 100% leachate run. The first batch was done in duplicate (due to limited leachate supply) to obtain an average and the second was conducted only once due to limited leachate available and growth uncertainty with such high concentrations. Moreover, the BG-11 medium based runs were termed B1-L-1 and B1-L-2 and were prepared under aseptic techniques to have a final volume of 250 ml. The Acutodesmus obliquus inoculate was taken from the pre-prepared master stock, from which a sample was taken and optical density measured to calculate an initial algal concentration of approximately 3 x 106 cells ml-1. After that, cell count and absorbance were obtained on a daily basis and biomass on the 4th and 7th days of the 10-day designated cultivation period (biomass sample days moved on occasions due to weekend or national holidays lab closures). The pure leachate control, entitled B2-L-1, was prepared in a similar way in terms of inoculation the difference lying in the medium base being pure unfiltered leachate. Nutrient analysis was conducted before inoculation to establish the starting ammonia and phosphorus concentrations.  
5.2.2.2 Leachate Batches The experimental set up was chosen to investigate cultivation potential at four different ratios of pure unfiltered leachate and de-ionised water to give dilutions of 1:1, 1:2, 1:3 and 1:9 equating to 50%, 34%, 25% and 10% batches of leachate in water concentration respectively. These four dilutions represent boundary points that can be further investigated once highest growth between two is identified. The experiments were separated in three concurrent runs per batch (Table 5.3), to accommodate for an average to be calculated on three repeats for each of the four dilutions selected within the time allocated. Table 5.3 illustrates the experimental schedule. 
 
 
Table 5.3. Experimental plan for 12 runs conducted in individual 250 ml Drechsel bottles.  
Dilution Leachate to De-ionised Water & 
Algal Inoculate Leachate % Run Number Batch Name 
1:1  50% 1 B3-L-A-1 125 ml : 125 ml 2 B5-L-A-2  3 B6-L-A-3 
1:2 84 ml : 166 ml 34% 1 B4-L-B-1 2 B5-L-B-2 3 B6-L-B-3 
1:3 62.5 ml : 187.5 ml 25% 1 B3-L-C-1 2 B5-L-C-2 3 B6-L-C-3 
1:9 25 ml : 225 ml 10% 1 B3-L-D-1 2 B4-L-D-2 3 B5-L-D-3 
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(5.3) 
5.3 Results  This portion of the chapter presents the results gathered during this investigation. An initial nutrient analysis was conducted to determine the ammonia and phosphorous content of our leachate source; the result was then divided at the rate of dilution to identify the starting concentration for all leachate-based cultivations (Table 5.4). Samples on the fourth and seventh days were analysed for nutrient content before being subtracted from the initial measurements to determine the amount of ammonia and phosphorus uptake by the cultivation.   
Table 5.4. Initial concentrations of ammonia and phosphorous in leachate medium.  
Dilution Leachate % Ammonia (mg L-1) Phosphorous (mg L-1) Pure 100% 2296.73 3.56 1:1 50% 1148.37 1.78 1:2 34% 780.89 1.21 1:3 25% 574.18 0.89 1:9 10% 229.67 0.36                 The following subsections will detail the data in the form of sample absorbance (B3-B6) and light absorbed percentages. Graphical illustrations are also presented for the data gathered for daily cell count in which the specific growth rate for duplication (µDuplication) was calculated from the exponential line identified on the natural logarithm (LN) of the data.   A single measurement around the steady state stationary phase was sufficiently utilised to calculate a final biomass concentration. Consequently, biomass measurements were taken only once for Batch 1 and twice for Batches 3 and 4 due to the preservation of working volume taking precedence over attaining the specific growth rate for biomass (µBiomass). However, the importance of biomass became a priority after a significant difference in individual cell density was observed under the microscope during cell counting process. More specifically, a disparity in density was noticed at the various dilution runs (B3 to B6) and thus Equations 5.3 and 5.4 (Sforza et al, 2012) were employed to calculate cell density, with the latter based upon µDuplication and µBiomass. The subsequent natural logarithm of the calculated cell density data for each sample was used to acquire a specific growth rate for density (µDensity).   
                           
                   
                      
 
                                                                                                                                  Furthermore, results for the control experiment and 100% leachate concentration (pure leachate) can be found in Appendix 3.1 and 3.2. 
(5.4) 
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5.3.3 Leachate Dilution 1:1 (50%) 
 The highest dilution of leachate to water conducted was 1:1, with preparation consisting of 125 ml of pure unfiltered leachate and 125 ml of water and microalgae mix. It was piloted over a period of three batches B3-L-A-1, B5-L-A-2 and B6-L-A-3, with the sample absorbance, percentage of light absorbed, cell count, biomass and cell density all recorded on a daily basis.   
 
5.3.3.1 Experimental Runs (B3-L-A-1/B5-L-A-2/B6-L-A-3)  The three runs of B3-L-A-1, B5-L-A-2 and B6-L-A-3 were terminated from between the 10th to 15th day of cultivation when a decline in both absorbance and cell count measurements were recorded. The percentage of light absorbed by the cultures began to stagnate for all three runs during this period. More specifically, absorbance and percentage of light absorbed for B3-L-A-1 indicated immediate growth, with the saturation being recorded from the 8th and 7th days, respectively. Whereas, B5-L-A-2 saw an increase from the 4th day with stagnation being observed from the 7th day onwards. On the other hand, B6-L-A-3 saw an increase late on during cultivation from the 10th day and began to saturate from the 15th day (Figure 5.7 and Figure 5.08).   Cell count measurements indicated the initial run had twice the µDuplication performance of the latter two runs as well as twice the cell count at their peaks (Figure 5.9, Figure 5.10 and Table 5.5). Biomass, as expected, mirrored similarities in peak measurements to the duplication results, however, all runs had equivalent µBiomass (Figure 5.11, Figure 5.12 and Table 5.5). Furthermore, cell density calculations demonstrated an increase in cell size for latter runs (Figure 5.13, Figure 5.14 and Table 5.5).  In comparison, the latter two batches showed closer growth relationship, with a better performance being recorded for the first batch in fresh leachate medium (Table 5.5). The percentage of dry lipid content (Table 5.5) was measured separately for B3-L-A-1 (38%) and collectively for B5-L-A-2 and B6-L-A-3 (35%); the latter was combined allowing for a larger sample to be processed giving a higher accuracy. 
 
Table 5.5. Summary of key data including period of cultivation, rate of duplication, biomass and density along with lipid content for each of three runs.   
Batch Termination Day 
Peak           
Cell Count  
(Cells ml-1) 
µDuplication  
(day-1) 
Peak                
Cell Biomass  
(g m-3) 
µBiomass  
(day-1) 
Peak            
Cell Density  
(g) 
µDensity  
(day-1) 
Lipid 
Content  
(% DW) B3-L-A-1 10th  19.1 x 106 0.289 1100 0.305 8.36 x 10-11 0.210 38.21 B5-L-A-2 11th  10.4 x 106 0.129 560 0.206 1.31 x 10-10 0.405 35.20 B6-L-A-3 15th  9.2 x 106 0.112 580 0.343 4.28 x 10-10 0.337 
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Figure 5.7. Graphical illustration of absorbance (750 nm) against time for 50% leachate medium based cultivations B3-L-A-1, B5-L-A-2 & B6-L-A-3.  
 
 
Figure 5.8. Graphical illustration of percentage of light absorbance within 250 ml Drescel bottle against time for 50% leachate medium based cultivations B3-L-A-1, B5-L-A-2 & B6-L-A-3.  
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Figure 5.9. Graphical illustration of cell count against time for 50% leachate medium based cultivations B3-L-A-1, B5-L-A-2 & B6-L-A-3. 
 
 
Figure 5.10. Graphical illustration of natural logarithm for cell count with specific growth rates for exponential phase identified for 50% leachate medium based cultivations B3-L-A-1, B5-L-A-2 & B6-L-A-3. 
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Figure 5.11. Graphical illustration of biomass measurements taken for 50% leachate medium based cultivations B3-L-A-1, B5-L-A-2 & B6-L-A-3.  
 
Figure 5.12. Graphical illustration of natural logarithm for biomass with specific growth rates for exponential phase identified for 50% leachate medium based cultivations B3-L-A-1, B5-L-A-2 & B6-L-A-3 
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Figure 5.13. Graphical illustration of individual average cell weight against time for 50% leachate medium based cultivations B3-L-A-1, B5-L-A-2 & B6-L-A-3.  
 
 
Figure 5.14. Graphical illustration of natural logarithm for cell density with specific growth rates for exponential phase identified for 50% leachate medium based cultivations B3-L-A-1, B5-L-A-2 & B6-L-A-3. 
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5.3.4 Leachate Dilution 1:2 (34%)  The preparation of 1:2 dilutions in a total working volume of 250 ml was conducted with 83 ml of leachate and 167 ml of water inclusive of microalgae inoculum, which was dependent on the concentration of the sub-culture used. Again, three runs where undertaken and spread over three batches (B4-L-B-1, B5-L-B-2 and B6-L-B-3) with daily measurements of absorbance, percentage of light absorbed, cell count, biomass and cell density being noted.  
5.3.4.1 Experimental Runs (B4-L-B-1/B5-L-B-2/B6-L-B-3)  The cultivation period for three 34% leachate runs varied from the lowest of 9 days to highest of 14 days. Both absorbance of samples and light absorbed (%) of each culture indicated immediate growth (Figure 5.15 and Figure 5.16).  Table 5.6 presents the key data points for all three runs. More specifically, cell duplication data indicated a higher count for the initial run compared with the latter runs. This relationship was mirrored for the corresponding µDuplication calculations (Figure 5.17 and Figure 5.18).   On the other hand, biomass measurements pointed towards an improvement for the latter runs in terms of peak cell biomass, with µBiomass calculated at 0.358, 0.207 and 0.236 (day-1) for B4-L-B-1, B5-L-B-2 and B6-L-B-3, respectively (Figure 5.19 and Figure 5.20). Figures 5.21 and 5.22 suggest an increase in cell density, with initial run having the highest average weight per cell. The µBiomass were all calculated within a range of the 3rd to the 9th days (Table 5.6).   As was the case in section 5.3.3.1, the percentage of dry lipid content was calculated separately for the initial run (49%) and doubled up for the other two runs (45%) (Table 5.6).   
Table 5.6. Summary of key data including period of cultivation, rate of duplication, biomass and density along with lipid content for each of three runs.  
Batch Termination Day 
Peak           
Cell Count  
(Cells ml-1) 
µDuplication  
(day-1) 
Peak                
Cell Biomass  
(g m-3) 
µBiomass  
(day-1) 
Peak            
Cell Density  
(g) 
µDensity  
(day-1) 
Lipid 
Content  
(% DW) B4-L-B-1 9th  16.0 x 106 0.358 807 0.513 2.96 x 10-10 0.355 49.10 B5-L-B-2 13th  11.6 x 106 0.207 1527 0.228 1.95 x 10-10 0.238 44.50 B6-L-B-3 14th  12.9 x 106 0.236 1847 0.195 1.06 x 10-10 0.258                  
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Figure 5.15. Graphical illustration of absorbance (750 nm) against time for 34% leachate medium based cultivations B4-L-B-1, B5-L-B-2 & B6-L-B-3.   
 
Figure 5.16. Graphical illustration of percentage of light absorbance within 250 ml Drescel bottle against time for 34% leachate medium based cultivations B4-L-B-1, B5-L-B-2 & B6-L-B-3.  
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Figure 5.17. Graphical illustration of cell count against time for 34% leachate medium based cultivations B4-L-B-1, B5-L-B-2 & B6-L-B-3.  
 
Figure 5.18. Graphical illustration of natural logarithm for cell count with specific growth rates for exponential phase identified for 34% leachate medium based cultivations B4-L-B-1, B5-L-B-2 & B6-L-B-3. 
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Figure 5.19. Graphical illustration of biomass measurements taken for 34% leachate medium based cultivations B4-L-B-1, B5-L-B-2 & B6-L-B-3.  
 
Figure 5.20. Graphical illustration of natural logarithm for biomass with specific growth rates for exponential phase identified for 34% leachate medium based cultivations B4-L-B-1, B5-L-B-2 & B6-L-B-3. 
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Figure 5.21. Graphical illustration of individual average cell weight against time for 34% leachate medium based cultivations B4-L-B-1, B5-L-B-2 & B6-L-B-3.  
 
Figure 5.22. Graphical illustration of natural logarithm for cell density with specific growth rates for exponential phase identified for 34% leachate medium based cultivations B4-L-B-1, B5-L-B-2 & B6-L-B-3.  
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5.3.5 Leachate Dilution 1:3 (25%)  A total working volume of 250 ml for 1:3 dilutions included 63.2 ml of pure unfiltered leachate and 187.5 ml of microalgae inoculum and water. Three runs were conducted and spaced over three batches B3-L-C-1, B5-L-C-2 and B6-L-C-3. Daily measurements of absorbance, percentage of light absorbed were taken as well as samples that were analysed for cell count, biomass and cell density.   
5.3.5. Experimental Runs (B3-L-C-1/B5-L-C-2/B6-L-C-3)  The three runs were all terminated once consecutive decline was detected. Results illustrated in Figures 5.23 and 5.24 suggest immediate growth, with the B3-L-C-1 reaching double the absorbance at point of saturation compared with B5-L-C-2 and B6-L-C-3. Percentage of light absorbed by the culture increased consistently with all three runs, however, the value was slightly lower with B6-L-C-3. Cell count results demonstrate a similar pattern for both the latter two batch, with peaks recorded on days 9 and 7, respectively (Figure 5.25 and Figure 5.26), whereas, the initial batch had had substantially higher cell count and twice the specific growth rate of duplication (Table 5.7). Figures 5.27 and 5.28 again depicted a closer relationship between the latter two runs, which had similar µBiomass; however, only two points were measured for the initial run (Table 5.7). Cell density results, illustrated in Figures 5.29 and 5.30, show fluctuation with a negative specific growth rate suggesting a declining density for both B5-L-C-2 and B3-L-C-1, more so for the latter and a very slight increase with regards to B6-L-C-3 (Table 5.7).  The percentage of dry lipid content was calculated to be 37% for B3-L-C-1 and 40% for the combination of both B5-L-C-2 and B6-L-C-3 (Table 5.7).   
Table 5.7. Summary of key data including period of cultivation, rate of duplication, biomass and density along with lipid content for each of three runs.  
Batch Termination Day 
Peak           
Cell Count  
(Cells ml-1) 
µDuplication  
(day-1) 
Peak                
Cell Biomass  
(g m-3) 
µBiomass  
(day-1) 
Peak            
Cell Density  
(g) 
µDensity  
(day-1) 
Lipid 
Content  
(% DW) B3-L-C-1 10th  47.8 x 106 0.440 1533 0.234 3.60 x 10-11 -0.223 37.44 B5-L-C-2 13th  14.5 x 106 0.235 1960 0.104 3.85 x 10-11 -0.024 40.12 B6-L-C-3 14th  11.9 x 106 0.208 1647 0.113 5.87 x 10-11 0.033 
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Figure 5.23. Graphical illustration of absorbance (750 nm) against time for 25% leachate medium based cultivations B3-L-C-1, B5-L-C-2 & B6-L-C-3.   
 
Figure 5.24. Graphical illustration of percentage of light absorbance within 250 ml Drescel bottle against time for 25% leachate medium based cultivations B3-L-C-1, B5-L-C-2 & B6-L-C-3. 
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Figure 5.25. Graphical illustration of cell count against time for 25% leachate medium based cultivations B3-L-C-1, B5-L-C-2 & B6-L-C-3.  
 
Figure 5.26. Graphical illustration of natural logarithm for cell count with specific growth rates for exponential phase identified for 25% leachate medium based cultivations B3-L-C-1, B5-L-C-2 & B6-L-C-3. 
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Figure 5.27. Graphical illustration of biomass measurements taken for 25% leachate medium based cultivations B3-L-C-1, B5-L-C-2 & B6-L-C-3.  
 
Figure 5.28. Graphical illustration of natural logarithm for biomass with specific growth rates for exponential phase identified for 25% leachate medium based cultivations B3-L-C-1, B5-L-C-2 & B6-L-C-3. 
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Figure 5.29. Graphical illustration of individual average cell weight against time for 25% leachate medium based cultivations B3-L-C-1, B5-L-C-2 & B6-L-C-3.  
 
Figure 5.30. Graphical illustration of natural logarithm for cell density with specific growth rates for exponential phase identified for 25% leachate medium based cultivations B3-L-C-1, B5-L-C-2 & B6-L-C-3. 
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5.3.6 Leachate Dilution 1:9 (10%) 
 Three runs, B3-L-D-1, B4-L-D-2 and B5-L-D-3 were conducted at dilution 1:9 of leachate in water, each prepared with 25 ml of leachate and 225 ml of water and microalgae inoculum. The latter was dependent on concentration of sub-culture at the time of inoculation. As before, daily measurements of absorbance, percentage of light absorbed, cell count, biomass and cell density were gathered.  
5.3.6.1. Experimental Runs (B3-L-D-1/B4-L-D-2/B5-L-D-3) 
 The terminations of all three runs lay between 9th to 13th days which were triggered by consecutive decline or stagnation in measured performance. Moreover, absorbance taken at 750 nm illustrated a steeper incline for B3-L-D-1 and B4-L-D-2 compared to B5-L-D-3, with saturation point being three times lower for the latter run (Figure 5.31). Percentage of light absorbed by the cultures for B3-L-D-1 and B4-L-D-2 reached as high as 99% whilst B5-L-D-3 had a final peak of 95% absorption (Figure 5.32).   Results with cell count, biomass and cell density (Table 5.8) all suggested a similar relationship between the initial two batches. Both B3-L-D-1 and B4-L-D-2 had relatively high cell counts and µDuplication (Figure 5.33 and Figure 5.34), similar biomass measurements and µDensity although only two samples were taken (Figure 5.35 and Figure 5.36) and negative µDensity was observed suggesting a decrease in cell size over time (Figure 5.37 and Figure 5.38). The performance of B5-L-D-3 was lower with cell count and biomass; however the cell density calculations suggested a slight increase in size over time (Table 5.8).   Percentage of dry weight lipid content was conducted separately for each run and returned an increase above 10% from the B3-L-D-1 to B4-L-D-2. Interestingly, B5-L-D-3 had a similarly high percentage of 41 to B4-L-D-2 (Table 5.8)  
Table 5.8. Summary of key data including period of cultivation, rate of duplication, biomass and density along with lipid content for each of three runs.  
Batch Termination Day 
Peak           
Cell Count  
(Cells ml-1) 
µDuplication  
(day-1) 
Peak                
Cell Biomass  
(g m-3) 
µBiomass  
(day-1) 
Peak            
Cell Density  
(g) 
µDensity  
(day-1) 
Lipid 
Content  
(% DW) B3-L-D-1 10th  43.7 x 106 0.552 1533 0.229 3.60 x 10-11 -0.322 28.89 B4-L-D-2 9th  37.9 x 106 0.724 1407 0.185 3.60 x 10-11 -0.466 41.06 B5-L-D-3 13th  13.2 x 106 0.116 1027 0.071 5.26 x 10-11 0.032 41.30 
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Figure 5.31. Graphical illustration of absorbance (750 nm) against time for 10% leachate medium based cultivations B3-L-D-1, B4-L-D-2 & B5-L-D-3.   
 
Figure 5.32. Graphical illustration of percentage of light absorbance within 250 ml Drescel bottle against time for 10% leachate medium based cultivations B3-L-D-1, B4-L-D-2 & B5-L-D-3.  
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Figure 5.33. Graphical illustration of cell count against time for 10% leachate medium based cultivations B3-L-D-1, B4-L-D-2 & B5-L-D-3.  
 
Figure 5.34. Graphical illustration of natural logarithm for cell count with specific growth rates for exponential phase identified for 10% leachate medium based cultivations B3-L-D-1, B4-L-D-2 & B5-L-D-3. 
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Figure 5.35. Graphical illustration of biomass measurements taken for 10% leachate medium based cultivations B3-L-D-1, B4-L-D-2 & B5-L-D-3.  
 
Figure 5.36. Graphical illustration of natural logarithm for biomass with specific growth rates for exponential phase identified for 10% leachate medium based cultivations B3-L-D-1, B4-L-D-2 & B5-L-D-3. 
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Figure 5.37. Graphical illustration of individual average cell weight against time for 10% leachate medium based cultivations B3-L-D-1, B4-L-D-2 & B5-L-D-3.  
 
Figure 5.38. Graphical illustration of natural logarithm for cell density with specific growth rates for exponential phase identified for 10% leachate medium based cultivations B3-L-D-1, B4-L-D-2 & B5-L-D-3. 
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5.3.7 Nutrient Analyses   Measured nutrients uptake in the form of ammonia from the various leachate dilutions ranged from 30-97% and >90% for phosphorus (Table 5.9). More specifically, samples taken for analysis were gathered for all six batches on the 4th and 7th days of cultivation. An initial average was obtained before batch preparation to establish the starting ammonia and phosphorous concentrations within the pure leachate prior to being divided by the dilution ratio. The samples taken during the 7th day were only taken forward where they represented cells nearing or within the stationary phase. They were otherwise discounted.   Moreover, table 5.9 summaries in detail the results for pure and dilution leachate runs. A no-growth (*NG) was recorded for the pure batch thus no samples were taken forward for nutrient analysis. At dilution 1:1 the initial ammonia and phosphorus concentrations were consumed by 30% and 93%, respectively by the 7th day of cultivation. The phosphorus uptake up until the 7th day for 1:2 dilutions on average were 1.17 mg L-1 equating to 97% consumption by A. obliquus culture. No final ammonia measurement could be taken at 34% leachate concentration. Ammonia analysis for runs diluted 1:3 showed a final concentration of 191.96 mg L-1 representing a drop in 65% from the starting concentration of 542.03 mg L-1. Phosphorus results on the same samples again indicated 97% consumption. The last dilutions of 1:9 leachate to water had 97% uptake for both ammonia and phosphorus.      
Table 5.9. Breakdown of initial and final concentrations of ammonia and phosphorous with consumption percentage at different dilutions of leachate to water *NG = No Growth.    
Dilution Leachate % 
Ammonia Phosphorous 
Initial 
(mg L-1) 
Final 
(mg L-1) 
Consumed 
(%) 
Initial 
(mg L-1) 
Final 
(mg L-1) 
Consumed 
(%) Pure 100% 2168.10 *NG *NG 3.56 *NG *NG 1:1 50% 1084.05 763.16 30 1.78 0.12 93 1:2 34% 780.89 - - 1.21 0.04 97 1:3 25% 542.03 191.96 65 0.89 0.03 97 1:9 10% 216.81 5.60 97 0.36 0.01 97 
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5.4 Leachate Medium Cultivation Discussion 
  Results obtained for cultivation of A. obliquus 1:1 (50%), 1:2 (34%), 1:3 (25%) and 1:9 (10%) of leachate to water dilutions did show promise towards providing medium capability for microalgae cultivation and thus in some form could be applied as an option within a larger process. Moreover, the real differences observed and quantified were found in various lag phases lasting from a few hours up to 11 days for the higher leachate concentrations. More specifically, the average specific growth rates of cell duplication (µduplication) for 50%, 34%, 25% and 10% of leachate in water were calculated at 0.177 ± 0.098, 0.267 ± 0.080, 0.294 ± 0.127 and 0.464 ± 0.313 (day-1), respectively. The general trend suggests an increase in average specific growth rate at higher dilution indicating a higher rate for duplication in more dilute conditions (Figure 5.39). Compared with the two average 
µduplication of 0.803 day-1 for summer and 0.360 day-1 for winter seasons at temperate climatic condition (Chapter 4), the highest calculated leachate based µduplication at optimal growth conditions was approximately 42% lower than summer conditions and 22% higher than winter cultivation.  On the other hand, the average specific growth rates for biomass (µBiomass) shows closer parallel with the two lower dilutions (1:1 & 1:2) and the two higher dilutions (1:3 & 1:9). The latter two achieved 
µBiomass of 0.150 ± 0.073 and 0.162 ± 0.082 (day-1), respectively. Whilst runs with concentrations of 50% and 34% leachate had almost twice the µBiomass at 0.285 ± 0.071 and 0.312 ± 0.175 (day-1), respectively. A similarity in µBiomass between the results in Chapter 4 (Section 4.3 & 4.4) can be seen between the relationship and specific values for the higher two dilutions and the two lower dilutions. More specifically, the temperate climate summer conditions cultivation yielded a µBiomass of 0.304 day-1, which lay in between the values calculated for leachate at concentrations of 34% and 50%. Whilst winter conditions cultivation was 0.152 day-1, representing half the performance as well as lying in between values attained at 10% and 25% leachate concentration cultivation under optimal conditions.       Furthermore, the maximum measured cell biomass productions for 50%, 34%, 25% and 10% of leachate in water were approximately 1,100, 1,850, 1,960 and 1,530 (g m-3), respectively, indicating relatively high productivity for all four dilutions. However, the highest attained biomass production was achieved by 25% leachate closely followed by 34% leachate concentrations, suggesting the possiblility of cultivation at lower leachate dilution environments. These latter figures of 34% and 25% leachate concentration were close to the ~2,000 g m-3 reported in both summer and winter temperate climate cultivation (Chapter 4). As was the case in comparison of maximum biomass recorded between Chapters 3 and 4, the same large difference can be seen with results observed in all four leachate dilution cultivation, again most likely due to a physical closed system being utlised as the cultivation apparatus compared with simulated open pond (Section 2.2.3). 
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Calculations for density specific growth rates were 0.317 ± 0.099, 0.284 ± 0.063, -0.071 ± 0.134 and -0.252 ± 0.256 (day-1) for 50%, 34%, 25% and 10% leachate concentrations, respectively. Results indicate an increase above the initial density for both 1:1 and 1:2 dilutions and a decrease below the inoculation density for 1:3 and 1:9 dilutions over an average of three runs apiece (Figure 5.39). It was noticed that µdensity at a number of leachate concentrations experienced both and increase and decrease in average single cell density over the three trials. This is reflected in the large standard deviations at 10% and 25 % concentration. This morphology change was physically observed during daily cell counts and would also further correlate the motion of a higher µduplication being attached with lower µBiomass for the two higher dilutions (1:1 & 1:2) and vise versa for runs with leachate concentrations of 25% and 10% (Table 5.10).  Moreover, the µduplication standard deviations for 1:1, 1:2 and 1:3 dilutions were relatively high; however, a closer look at the nine µduplications for each run indicates a closer homogeneity between the two repeat runs in batches 5 and 6 for all three dilutions. The runs conducted during batch 3 for 1:1 and 1:3 dilution (B3-L-A-1 & B3-L-C-1, respectively) and batch 4 for 1:2 dilutions (B4-L-B-1) all have around twice the performance compared to their latter two corresponding runs (Table 5.10). These were all initial runs conducted with the freshly unfrozen leachate a month prior. The 1:9 dilution runs had a much higher standard deviation and, a closer inspection of the individual runs shows a larger variation in their attained µduplication. Once more a closer relationship between runs in the first two batches (B3 & B4) and the last two batches (B5 & B6) are observed. Again, performances in the initial batches were higher than that from the final batch.   
Table 5.10. Duplication, biomass and density specific growth rates for 50%, 34%, 25% and 10% dilutions of leachate to water batch runs along with their respective average and standard deviation.  
 
Batch 
Duplication µ 
(day-1) 
Average µDuplication 
(day-1) with 
  St. Dev. 
Biomass µ 
(day-1) 
Average µBiomass 
(day-1) with 
 St. Dev. 
Density µ 
(day-1) 
Average µDensity 
(day-1) with 
 St. Dev. B3-L-A-1 0.289 0.177 ± 0.098 0.305 0.285 ± 0.071 0.210 0.317 ± 0.099 B5-L-A-2 0.129 0.206 0.405 B6-L-A-3 0.112 0.343 0.337 B4-L-B-1 0.358 0.267 ± 0.080 0.513 0.312 ± 0.175 0.355 0.284 ± 0.063 B5-L-B-2 0.207 0.228 0.238 B6-L-B-3 0.236 0.195 0.258 B3-L-C-1 0.440 0.294 ± 0.127 0.234 0.150 ± 0.073 -0.223 -0.071 ± 0.134 B5-L-C-2 0.235 0.104 -0.024 B6-L-C-3 0.208 0.113 0.033 B3-L-D-1 0.552 0.464 ± 0.313 0.229 0.162 ± 0.082 -0.322 -0.252 ± 0.256 B4-L-D-2 0.724 0.185 -0.466 B5-L-D-3 0.116 0.071 0.032 
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Figure 5.39. Graphical illustration of trends for average specific growth rates of cell duplication, biomass and cell density for leachate in water dilutions of 1:1 (50%), 1:2 (34%), 1:3 (25%) and 1:9 (10%) relative to each other.  Furthermore, standard deviations obtained for both average µBiomass and µDensity carry on the same consistency noted for µduplication with repeatability observed for runs conducted during batches 3 & 4 and batches 5 & 6. The results suggested a difference in growth performance had occurred between batches conducted two months apart (B3/B4 and B5/B6), as standard deviations calculated exclusively for runs in the first two batches (B3/B4) and the last two batches (B3/B4) indicate a closer repeatable relationship (Table 5.11). Moreover, all protocols and procedures remained consistent throughout the experimental period with the only real change being identified as the freshness of the original leachate itself. It is therefore a high possibility that this was responsible for such a performance shift, as it was originally thawed from -20oC for the initial batchs (B3 & B4 experiments) and then stored in a fridge at 5oC for latter batches (B5 & B6 experiments). Thus in essence a limitation of placing the leachate in the fridge had inadvertently impacted in biomass productivity (Table 5.10 & 5.11).  
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Table 5.11. Duplication, biomass and density specific growth rates for all four dilutions of leachate to water batch runs with averages and standard deviations calculated for first two batches (B3/B4) and last two batches (B5/B6). 
   A review of the limited literature involving leachate cultivation, showed similarities to the data attained in this study, with overall better performances recorded in this investigation especially at higher dilutions particularly at 25% and 34% leachate in water concentrations. More specifically, Zhao et al. (2014) conducted an investigation into the growth potential of Chlorella pyrenoidosa in leachate concentrations of 5%, 10%, 15% and 20% in municipal wastewater. They reported maximum final biomass concentration of 1.50, 1.58, 1.02, 0.94 (g L-1) and µBiomass of 0.268, 0.280, 0.251, 0.244 (day-1), respectively. The group’s optimum yielding concentration of 10% was slightly higher than in this study. Conversely, a decrease in biomass production was recorded at elevated concentrations, which contradicts finding from the present studies. Similarly, Lin et al. (2007) also reported no significant growth for leachate isolated strains Chlorella pyrenoidosa and Chlorella 
snowiae at above 10% leachate concentrations in water, possibly due to cultivation conditions and species tolerance strength.   The initial concentration of nutrients in the form of ammonia and phosphorus for this study’s raw leachate were 2168 mg L-1 and 3.56 mg L-1, respectively. More specifically, the uptake from various leachate dilutions ranged from between 30-97% and >90% for phosphorus. In particular, the highest ammonia uptake was recorded at 350 mg L-1 (65%) for 25% leachate dilution and the prevalent phosphorus uptake was logged at 1.66 mg L-1 (93%) at 50% leachate concentration. Other studies indicated similar results at 10% leachate dilution, with up to 99% total nitrogen uptake from a starting concentration of 183.2 mg L-1 (Zhao et al., 2014), whereas, this study measured a maximum ammonia consumption of 97% from initial concentration of 216.8 mg L-1 at the same dilution factor of 1:9. At a 20% leachate dilution Zhao et al. (2014) reported a maximum drop in ammonia 
Batch 
Duplication µ 
(day-1) 
Average µDuplication 
(day-1) with 
  St. Dev. 
Biomass µ 
(day-1) 
Average µBiomass 
(day-1) with 
 St. Dev. 
Density µ 
(day-1) 
Average µDensity 
(day-1) with 
 St. Dev. B3-L-A-1 0.289 0.289 0.305 0.305 0.210 0.210 B5-L-A-2 0.129 0.121 ± 0.012 0.206 0.275 ± 0.097 0.405 0.371 ± 0.048 B6-L-A-3 0.112 0.343 0.337 B4-L-B-1 0.358 0.358 0.513 0.513 0.355 0.355 B5-L-B-2 0.207 0.222 ± 0.021 0.228 0.212 ± 0.023 0.238 0.248 ± 0.014 B6-L-B-3 0.236 0.195 0.258 B3-L-C-1 0.440 0.440 0.234 0.234  -0.223 -0.223 B5-L-C-2 0.235 0.222 ± 0.019 0.104 0.109 ± 0.006 -0.024 0.005 ± 0.040 B6-L-C-3 0.208 0.113 0.033 B3-L-D-1 0.552 0.638 ± 0.122 0.229 0.207 ±0.031 -0.322 -0.394 ± 0.102 B4-L-D-2 0.724 0.185 -0.466 B5-L-D-3 0.116 0.116 0.071 0.071 0.032 0.032 
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concentration of 338 mg L-1. This study measured a similar drop at 25% leachate concentration of 350 mg L-1 which equated to a 65% final consumption. Another group reported a drop in biomass productivity with several strains at higher than 10% leachate concentration (Lin et al., 2007) stating the likely cause of algal growth inhibition on high levels of ammonium (Przytocka-Jusiak et al., 1984). Other past studies also reported such excess ammonia associated inhibitory effects on algal growth (Azov and Goldman, 1982; Källqvist and Svenson, 2003; Wong et al., 1984). The largest phosphorus uptake was logged at 1.66 mg L-1 (93%) for 50% leachate dilution. However, all runs demonstrated near complete uptake, suggesting phosphorus may have acted as a growth limiting substrate. Furthermore initial mass balances confirmed results in this study to be within a percentage range of 20% and 3.5% of nitrogen and phosphorous content per cell, respectively.  Furthermore, experimentally calculated lipid dry weight content percentage for all dilutions fell in the range of 35% and 50%. More specifically, the largest lipid content was measured from 1:2 dilutions and equated to an average of 46.8% between three runs. The other three averages were closer to each other at 38.8% for 1:3 dilutions, 37.1% for 1:9 dilutions and 36.7% for 1:1 dilutions. The study conducted by Zhao et al. (2014) achieved a lower range of between 14.5% and 20.8% for leachate concentrations from 5% to 20%, while Zhang et al. (2012) and Liu et al. (2008) reported a maximum value of 30%. It was stated that, apart from possible rate limiting high nutrient concentration, that the bacterial element may have also inhibited lipid content (Zhang et al., 2012), which was not seen to be the case in this study.   To our knowledge, no reports have been identified which suggest growth potential existing at high or pure leachate cultivation and in this study we are no different in the latter. However, significant growth was identified at higher leachate concentrations than previously reported. More specifically, sufficient biomass production occurred for 25%, 34% and 50% leachate concentrations, with the prior two having maximum biomass production rates of 1.96 and 1.85 (g L-1). This was close to and an improvement on the control batch grown in ideal medium (1.9 g L-1) from previous work conducted by Ferrigo et al. (2014). Furthermore, dry weight lipid % were calculated at 39% ±1.9 and 47% ±3.3 for 25% and 34% leachate concentration, with the latter batch producing almost identical results (47% ±2.1) to that of the sterile ideal condition control (Ferrigo et al., 2014).  
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5.5 Conclusion  The outcome of this work has established a two-fold capability for the real potential of utilising ammonical-N enriched leachate as nutrient source for yielding high lipid content algal biomass and consequently reducing the selected leachate waste streams of its nitrogen and phosphorus content. Thus, this leachate qualifies for consideration as medium candidate in an overall process geared towards the production of biofuel. Additionally, the investigation also uncovered a discrepancy in growth kinetics during repeats in fresh and non-fresh leachate. More specifically, a common tendency in the form of an increase of µduplication was witnessed with a decreasing leachate concentration whereas relatively similar µBiomass were identified for two higher and two lower dilutions, respectively, with a twofold difference between them. Intriguingly, a morphological change transpired with average results illustrating an enhancement in cell size for 50% and 34% leachate concentrations and a decrease for the two higher dilutions of 1:3 & 1:9. Moreover, data gathered during this investigation would suggest the most ideal concentrations of leachate in water were 34% and 25%, yielding maximum biomass concentrations of 1.96 g L-1 and 1.85 g L-1, respectively, which were within a comparable proximity to the control under ideal conditions of 1.9 g L-1. Furthermore, literature showed similarities with this research’s more dilute leachate concentrations (Zhao et al., 2014, Richards & Mullins, 2013 and Lin et al., 2007). Accordingly, the better than previously published performances were in all probability attained in this study as the objective was to explore a microalgal strain isolated directly from the leachate utilised.  
 
5.6 Summary  A key step towards commercialising biodiesel production must begin with reducing the cost of production by every means available. Investigations carried out in this chapter were conducted to fill current feasibility voids for more efficient upstream routes by making use of existing waste streams as a source of nutrient supply for cultivation aimed at producing biofuels derived from microalgae. Moreover, cultivating biomass in existing waste streams, if successful, should provide economical cheaper nutrient supply as well as an additional advantageous impact of treating waste stream by stripping contaminants via bioremediation. The latter may also provide an income to a successfully optimised upstream facility through treating a suitable waste stream on a per litre volume basis. 
Collectively, this work combined with the last chapter’s work have aimed to address shortfalls in the current literature on upstream algal processing with the goal of refining possible directions in the pursuit for more sustainable biofuel production for microalgal biomass. A large hurdle in the form of the downstream element of the process must likewise be overcome to realise this goal. Thus this program’s final investigation will look at the notion of dewatering biomass through low energy consuming forward osmosis with novel draw solution blends.  
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  Chapter 6     Experimental Investigation into the Potential of Forward Osmosis Dewatering of Algal Biomass through Novel Draw Solution Blend 
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6.1 Introduction 
 A possible response to both growing demand on crude oil and the call for a more environmentally sustainable alternative energy source is biofuels produced from microalgae biomass. The potential global impact of this alternative energy source can have a positive environmental influence; from carbon neutrality to the use of non-arable land as well as industrial wastewater streams (Wiley et al., 2013). Economic viability considerations in the forms of upstream cultivation to downstream processing against existing crude oil fuel sources have thus far been the biggest hurdles to overcome. 
Arguably, the most energy intensive process from ‘start to finish’ in order to attain a useable biofuel product is the downstream dewatering of the cultivated algal biomass as it requires huge volumes of algae culture to be concentrated before being dried into powder for conversion into biodiesel. Currently, the most efficient process involves centrifugation, which would give a negative energy balance on large scale productions for a low value product. So far, the literature has indicated two main alternative processes to address this issue; flocculation and filtration (Bilad et al., 2014). However, a more recent path involving forward osmosis (FO) has shown more promising theoretical and practical potential for the required industrial scale application (Mo et al., 2015). At present, limited studies have been conducted regarding FO for microalgae dewatering, with a key gap existing on identified microalgae specific dewatering draw solution. FO works by manipulating the osmotic pressure between two aqueous solutions, in this case the microalgae biomass cultures and the draw-agent solutions, which are separated by a semi-permeable membrane (Hamdan et al., 2015). In order to achieve sufficient pull of water from microalgae culture to draw solution, a reasonable osmotic gradient must be established between the two solutions. This is determined by the osmotic pressure ( ) of the chemical blend of the draw solutions.  
 Thus far, this project has focused on upstream themes; from geographic positioning of a potential cultivation site (Al Emara et al., 2012) and their potential algal biomass production rates to leachate based cultivation assessment (Sforza et al., 2015) as a feasible alternative source of nutrient supply. The attention of this PhD program shifted towards the downstream area within the overall process which would be required for the production of biofuels, in particular, addressing the crucial aspect of dewatering the algal culture which is required to pave the way towards less energy intensive technology for economically viable biofuel production. More specifically, the aim of this chapter was to assess the potential of FO technology in dewatering a algal culture, with an initial objective of identifying a novel candidate draw solution blend before investigating that blend’s performance in dewatering the microalgae culture at different concentrations. This was first initiated by appraising the osmotic pressures of several draw solution blend options at various concentrations, through both theoretical (OLI Software) and experimental (Hygrometric Method) means. The second part involved running an FO rig setup to evaluate the water flux potentials with a single selected chemical blend at six different concentrations. At the outset, the FO rig was loaded with the chosen draw agents and run with distilled water to attain control performance results, before being re-run against a stationary phase algal culture to assess the real potential.  
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6.2 Methodology for the Assessment of Forward Osmosis Dewatering Capability  The potential of forward osmosis (FO) was explored using a custom-built rig setup (Figure 6.1a) for dewatering microalgae culture. This was achieved through analysing the volume of water movement from the feed side to the draw solution, by assessing draw solution chemical combinations at different concentrations against distilled water initially, followed by stationary phase microalgae culture (Figure 6.1b).  
 
Figure 6.1. (a) Custom built forward osmosis membrane chamber (b) Improvised 25 litre capacity photobioreactor during batch cultivation of Chlorella vulgaris. 
 
6.2.1 Downstream Forward Osmosis Materials and Setup  An FO membrane chamber was designed and constructed in-house to allow for the investigation into the potential of this energy efficient technology to dewater microalgae culture. In particular, a Computer Aided Design software (CAD) linked to a Computer Numerical Control machine (CNC) was used to manufacture the membrane chamber with a total working volume capacity of 144 ml separated equally by a forward osmosis membrane with a total working surface area of 0.025 m2. More specifically, a 15 mm thick polypropylene (PP) sheet with an area of 1.50 m2 (RS Components) was initially cut into four equal pieces measuring 209 mm by 229 mm. Two of these pieces were then centrally hollowed precisely 24.5mm from each edge, leaving a void of 160 mm by 180 mm. The remaining two pieces were then burrowed; again 24.5 mm from each edge side, to a depth 7.5 mm. sixteen threaded holes were then machined into all four PP pieces in order to connect a hollowed and a burrowed piece together creating each FO membrane chamber side. Four holes were then tap drilled for the entry and exit points to each chamber allowing tube fittings to be attached. After this, an additional sixteen threaded holes were then machined to allow the two separate chambers to be sealed together once the membrane was placed into position. All the affixed PP pieces also had machined grooves to allow the insertion of silicon rubber, which ensures water tightness of the fully assembled FO membrane chamber. 
(a) (b) 
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FO membrane available for scientific research (Zou et al., 2011; Honda et al., 2015) and constructed from Cellulose Triacetate (CTA) was obtained from Hydration Technologies Inc. OR, USA (HTI). Each membrane sheet was cut to size (200mm x 180mm) before being inserted with the active layer facing the feed water chamber and completely sealed (Honda et al., 2015). Guidelines from HTI were followed to prepare each membrane for testing and before use by filling both chamber sides with distilled water and allowing the membrane to soak for 24 hours.   The FO chamber was utilised in two rig arrangements with equal draw solution and feed water capacities (3 L). These were prepared and defined as a horizontal continuous system (HCS) and a vertical batch system (VBS), the former being pump assisted and the latter purely assisted via gravity. Moreover, the HCS setup was comprised of 2.0 m flexible tubing (Fisher); two manual valves (RS Components); two motorised pumps (SHURflo); four 0.8-9.0 L/min flow meters (Key Instruments); two balances ± 0.01g (Fisher) and two 3 L tanks (Fisher). The setup had two identical sides separated by a semi-permeable membrane within the membrane chamber (Figure 6.2a). More specifically, the continuous FO rig arrangement had 150 mm tubing connecting the feed water tank to the motorised pump, which in turn was connected by 250 mm tubing to the inlet of the membrane chamber. In the middle of the 250 mm tubing an inlet labeled flow meter was placed to maintain a 1 L min-1 required flow rate entering the membrane chamber. At the exit of the chamber, a 400 mm tubing line directed the flow back to the feed water tank creating a continuous system. In the middle of the returning tube an exit flow meter was attached and left fully open to measure the exit flow rate from the membrane chamber. Due to the powerful nature of the motorised pumps, a pressure relief back flow mechanism was implemented using 200 mm of tubing with a manual valve. This was inserted just before the inlet flow meter allowing excessive stress to be dissipated away from the operating system. Finally, a balance was placed under the feed water tank, which was zeroed before being loaded. The draw solution side was arranged in an identical manner (Figure 6.2b).  On the other hand, the VBS (Figure 6.3a) was comprised of 2.5 m flexible tubing (Fisher); four turn ball valves (RS Components); two valve controlled flow meters (RS Components); two magnetic stirrers (Fisher) and four 3 L tanks (Fisher). Again, as with the HSC setup, the independent parts of the feed water and draw solution were identically arranged and separated only by a semi-permeable membrane within the membrane chamber. Moreover, the VBS system was designed to be more energy favorable then the HCS by utilising gravity as a natural driving force behind the feed water and draw solution flows (Figure 6.3b). As a result, the two inlet tanks were placed at a height of 2 meters from the two outlet collection tanks, with both the inlet tanks continuously mixed using magnetic stirrers. Each inlet tank was then connected to the membrane chamber by 700 mm flexible tubing with turn ball valves. Attached to the exits of the membrane chamber was an additional 550 mm of flexible tubing directing the flow to the outlet collection tanks. The flow was monitored using valve controlled flow meters and turn ball valves at the mid-way point of these flexible tubes. The VBS system, as the HCS system, also utilised a balance ± 0.01g (Fisher) to weigh differences in inlet and outlet tanks.       
127 
 
 
 
Figure 6.2. (a) Schematic of Horizontal Continuous System (HCS) forward osmosis setup (b) HCS during test run.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3. (a) Schematic of Vertical Batch System (VBS) forward osmosis setup (b) VBS during test run.   
(a) 
(b) 
(a) (b) 
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To investigative the potential of FO technology on dewatering microalgae, a large volume of culture at stationary growth phase was required in order to conduct the experiments, with at least 10 liters being utilised per run and all runs being conducted in triplicate. To attain sufficient microalgae volume an improvised 25 L photobioreactor was assembled and operated at room temperature of 25oC. The principles and procedure of this unit closely resembled the approach of the 5 L Electrolab photobioreactor utilised in Chapter 4. More specifically, a 25 L capacity glass bottle (Pyrex) was placed on a magnetic stirrer, and beneath sixteen 25W daylight bulbs which provided sufficient illumination on a 12 hours on;12 hours off loop. A gas canister was then connected to a sparging system at the base of the reactor to deliver 5% CO2 at a constant rate of 2.5 cm3/min. The microalgae species cultivated for this investigation was the same as that utilised in Chapter 4, freshwater 
Chlorella vulgaris (strain 211/11B - CCAP). The culture medium for growth was again prepared following CCAP recommended guidelines (Section 4.2).   Arguably one of the most important elements (after membrane selection) for investigating the efficiency of FO performance lies with the draw solution selection (Ge et al., 2013; Harris et al., 2013; Phuntsho et al., 2011). In particular, the osmotic pressure potential of individual chemicals has been widely reported amongst the limited work conducted within the topic. As a result, this project’s approach was oriented towards investigating the potential of different chemical mixture combinations, with the initial mixture to be determined from medium based chemicals as a long term recycling system could be investigated. Two forms of medium have been largely utilised 
previously in this project, CCAP’s mixture (Section 4.2.1) and leachate diluted (Section 5.2.2.2). The former was selected against leachate as a novel base of any candidate draw solution mixture because of three principal factors: readily available, optimal concentration for cultivation known and the accuracy of attaining exact desired concentrations. Table 6.1, shows the chemical blend of medium composition as described by CCAP.  
Table 6.1. CCAP recommended chemical blend of medium composition for Chlorella vulgaris. 
Potential Osmotic Agent Chemicals Sodium Nitrate NaNO3 Calcium Chloride Dihydrate CaCl2.2H2O Magnesium Sulphate Heptahydrate MgSO4.7H2O Potassium Phosphate Dibasic Trihydrate K2HPO4.3H2O Potassium Phosphate Monobasic  KH2PO4 Sodium Chloride NaCl   
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6.2.2 Downstream Forward Osmosis Procedure  To achieve the aim of investigating the technology of forward osmosis as a potential microalgae biomass dewatering step as part of the overall process for biofuel production a number of aspects would need to be explored. Initially, to assess a practical osmotic difference, we must first perform theoretical and experimental osmotic pressure assessments of the potential chemical composition of candidate draw agents, both as individuals and as a blend. This was closely trailed by the experimental determination of the osmotic pressure for microalgae culture during growth saturation. The second part would involve running the HCS and VBS with the shortlisted draw solution against de-ionised water followed by microalgae culture at a concentration of ~300 x 106 cell ml-1 which was determined to represent stationary phase in Section 4.3.3.   
6.2.2.1 Microalgae Cultivation for FO Dewatering Feed Solution An improvised 25 L photobioreactor was loaded with 23.30 L of de-ionised water and CCAP recommended medium compositions illustrated in Table 6.2. This was followed by the addition of 25 ml of thiaminhydrochloride and cyanocobalamin. The system was then inoculated to give a starting concentration of 1.0 x 106 cell ml-1. Samples of 5 ml were taken on a daily basis for cell counting purposes (4.2.2) to establish the growth curve and authenticate stationary growth phase before being maintained for FO feed water by adding the fresh medium daily. 
 
Table 6.2. Chemical composition of Chlorella vulgaris medium. 
  
1 L Stock Solution 25 L Medium 75 g NaNO3 250 ml 2.5 g CaCl2.2H2O 250 ml 7.5 g MgSO4.7H2O 250 ml 7.5 g K2HPO4.3H2O 250 ml 17.5 g KH2PO4 250 ml 2.5 g NaCl 250 ml Trace  (Table 4.2) 150 ml 
 
6.2.2.2 Assessment of Chemical Compounds for Candidate Draw Solution To enable the selection of candidate draw solution for the investigation of dewatering capability through FO technology on microalgae biomass cultivate a theoretical analysis of individual chemicals (Table 6.3) and blends (Tables 6.4 & 6.5) vying to represent candidate draw solution was conducted to attain respective osmotic pressures. This was achieved via a predictive thermodynamic framework program named OLI Stream Analyser 2.0. This was then followed by experimental analysis of osmotic pressure using the hydrometric method of measuring water activity (a1) through a HydroLab 3 Bench-model (Rotronic, UK) relative humidity instrument.   
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Table	6.3.	Individual	chemical	candidates	and	their	respective	concentrations	for	candidate	draw	solution.	
	
	
Individual	Chemical	Candidates	 g	L-1	Sodium	Nitrate	 NaNO3	 75	Calcium	Chloride	Dihydrate	 CaCl2.2H2O	 2.5	Magnesium	Sulphate	Heptahydrate	 MgSO4.7H2O	 7.5	Potassium	Phosphate	Dibasic	Trihydrate	 K2HPO4.3H2O	 7.5	Potassium	Phosphate	Monobasic		 KH2PO4	 17.5	Sodium	Chloride	 NaCl	 2.5	
	
Table	6.4.	Chemical	composition	of	draw	solution	mixture	for	first	blend	candidate.	
		
Draw	Solution	Blend	I	 g	L-1	Sodium	Nitrate	 NaNO3	 75	Calcium	Chloride	Dihydrate	 CaCl2.2H2O	 2.5	Magnesium	Sulphate	Heptahydrate	 MgSO4.7H2O	 7.5	Sodium	Chloride	 NaCl	 2.5	
	
Table	6.5.	Chemical	composition	of	draw	solution	mixture	for	second	blend	candidate.	
	
Draw	Solution	Blend	II	 g	L-1	Sodium	Nitrate	 NaNO3	 75	Calcium	Chloride	Dihydrate	 CaCl2.2H2O	 2.5	Sodium	Chloride	 NaCl	 2.5		More	specifically,	samples	of	10	ml	were	prepared	using	de-ionised	water	and	analytical	grade	agents	(>99.5%	 Sigma-Aldrich,	 UK).	 Samples	 were	 then	 loaded	 into	 a	 hygrometer	 (Rotronic	 HydroLab	 3	Bench-model),	which	was	in	turn	placed	within	an	incubator	set	at	25oC	and	left	for	2	hours	allowing	equilibrium	to	be	reached.	Water	activity	reading	was	then	recorded.	This	process	was	repeated	three	times	 to	 attain	 average.	 The	 same	 procedure	 was	 followed	 to	 obtain	 a	 water	 activity	 reading	 for	microalgae	 culture	 at	 stationary	 phase.	 All	 the	 average	water	 activity	 values	were	 then	 applied	 to	calculate	the	osmotic	pressures	 in	equation	6.5	which	is	derived	from	equation	6.1,	a	modified	van	Laar’s	 logarithmic	 equation	 representing	 the	 chemical	 potential	 of	 water	 (Π	)	 under	 isothermal	conditions	(Hamdan	et	al,	2015):	
%G(ä,å) = %M(ä,åçé) + 	èêIníM	where	%Grepresents	the	standard	chemical	potential	of	water,	%M	the	chemical	potential	of	water	in	a	solution,	P	the	pressure	upon	the	solution,	R	the	gas	constant	(8.314	J/mol.K),	T	the	temperature	in	Kelvin	and	α1	the	solvent	water	activity,	which	decreases	as	solute	concentration	increases.	As	a	result,	solute	added	to	the	water	decreases	the	water	activity	by	RTIn	α1	(Hamdan,	2013):		 %G(ä,å) − 	%G(ä,åçé) = èêIníM = 	∆%	
6.1 
6.2 
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The amount of external pressure added to the solution side to raise the activity of water by the amount of       under constant temperature is determined by the following (Hamdan, 2013):  
                  where G represents Gibbs energy (J) and    represents the molar volume of water (m3/mol). Furthermore,      is equal to –  which refers to osmotic movement of water from a lower osmotic pressure to higher osmotic pressure. The combinations of 6.2 and 6.3 (Hamdan, 2013) gives:  
                 Thus with the assumption of incompressible solvent the following expression can be drawn:  
      
  
  
       Where:    = Osmotic Pressure (atm)   R = Gas Constant   T = Temperature (K)   V1 = Molar Volume (Constant)   α1 = Water Activity    Once a draw solution blend was selected based on simplicity (number of chemical compounds) and osmotic pressure, OLI Stream Analyser 2.0 was used in reverse to identify the concentration of the chemical composition to achieve osmotic pressures indicated in Table 6.6. Samples of the six osmotic agents were then synthesised so their osmotic pressures could be confirmed through the same relative humidity measurement method described earlier.   
Table 6.6. To be confirmed draw solution blend agents with target osmotic pressures.  
Draw Solution Osmotic Pressure (atm) Osmotic Agent A   = 0.5 Osmotic Agent B   = 10 Osmotic Agent C   = 20 Osmotic Agent D   = 30 Osmotic Agent E   = 40 Osmotic Agent F   = 50   
6.5 
6.3 
6.4 
132 
 
6.2.2.3 Horizontal Continuous System Utilised for Forward Osmosis Dewatering Once the HCS FO rig was fully assembled, both the feed water and draw solution tanks were loaded with 3 L de-ionised water. The two FO membrane chamber outlet flow meters were then fully opened and the two inlet flow meters completely closed before the motorised pumps were turned on. The inlet flow meters were then simultaneously opened slightly to allow both FO membrane chamber 
sections to fill up equally without excessively straining the membrane. A ‘trapped air check’ was then carried out to ensure no bubbles remained in the chamber to avoid any inaccuracies. Any air pockets or bubbles that were identified were removed by rotating the membrane chamber from side to side. The rig was then left overnight to allow for the membrane to soak in de-ionised water in accordance with HTI membrane operation manual (HTI, 2014). Once the membrane was readied, the whole system was completely drained before two sets of six experimental runs were conducted, each run being conducted in triplicate (Table 6.7) to calculate an average change in mass (6.6) which was used to quantify water flux (6.7).  
            
    
  
    
 
where:      = Water movement (L)        = Draw Solution Tank (L)       = Feed Water Tank (L)       = Water Flux (L m-2 h-1)       = Active Membrane Area (m2)      = Time (h)  More specifically, for the initial set of six runs, the feed tank was loaded with de-ionised water and the draw tank with the draw solution (osmotic agent being tested). The same steps as above were then followed to fill the FO membrane chamber. The inlet valves were then turned off and both feed water and draw solution tanks were placed on zeroed balances. The system was then again turned on with both the inlet flow meters simultaneously opened to maintain a constant flow of 1 L min-1. Each continuous experimental run lasted 6 hours with balance readings being recorded every 20 
minutes. At the end of each run, the system was fully drained and ‘washed’ by running de-ionised water in both tanks for one hour three times over before performing the next run, each time starting the process from the 24 hour membrane soaking step. The experimental runs involving microalgae as the feed water (Table 6.8) followed the same setup and running procedures as that described for de-ionised water as feed, the only difference being the end washing process; this was doubled from three 1 hour runs to the maximum daily time allowance of six 1 hour runs in order to maximise membrane flushing. 
6.6 
 
 
6.7 
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Table 6.7. Experimental plan for 18 runs of osmotic agent draw solutions against de-ionised water as feed water. 
 
Draw Solution Osmotic Pressure Feed Water Run Number Batch Name 
Osmotic Agent A   = 0.5 De-Ionised Water 1 HCS-W-A-1 2 HCS-W-A-2 3 HCS-W-A-3 
Osmotic Agent B   = 10 De-Ionised Water 1 HCS-W-B-1 2 HCS-W-B-2 3 HCS-W-B-3 
Osmotic Agent C   = 20 De-Ionised Water 1 HCS-W-C-1 2 HCS-W-C-2 3 HCS-W-C-3 
Osmotic Agent D   = 30 De-Ionised Water 1 HCS-W-D-1 2 HCS-W-D-2 3 HCS-W-D-3 
Osmotic Agent E   = 40 De-Ionised Water 1 HCS-W-E-1 2 HCS-W-E-2 3 HCS-W-E-3 
Osmotic Agent F   = 50 De-Ionised Water 1 HCS-W-F-1 2 HCS-W-F-2 3 HCS-W-F-3 
 
Table 6.8. Experimental plan for 18 runs of osmotic agent draw solutions against microalgae culture as feed water. 
Draw Solution Osmotic Pressure Feed Water Run Number Batch Name 
Osmotic Agent A   = 0.5 Microalgae Culture 1 HCS-A-A-1 2 HCS-A-A-2 3 HCS-A-A-3 
Osmotic Agent B   = 10 Microalgae Culture 1 HCS-A-B-1 2 HCS-A-B-2 3 HCS-A-B-3 
Osmotic Agent C   = 20 Microalgae Culture 1 HCS-A-C-1 2 HCS-A-C-2 3 HCS-A-C-3 
Osmotic Agent D   = 30 Microalgae Culture 1 HCS-A-D-1 2 HCS-A-D-2 3 HCS-A-D-3 
Osmotic Agent E   = 40 Microalgae Culture 1 HCS-A-E-1 2 HCS-A-E-2 3 HCS-A-E-3 
Osmotic Agent F   = 50 Microalgae Culture 1 HCS-A-F-1 2 HCS-A-F-2 3 HCS-A-F-3 
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6.2.2.4 Vertical Batch System Utilised for Forward Osmosis Dewatering The procedure for the VBS rig began with the closure of all four turn ball valves and two flow control valves. The two input tanks were then loaded with 3 L de-ionised water before the two top turn ball valves were opened. The two flow control valves were then opened simultaneously to allow the membrane chamber to fill up equally before being closed. Again, as with the HCS, trapped air was allowed to escape by rotating the membrane chamber back and forth. Thereafter, the membrane was permitted to soak for 24 hours in the de-ionised water before all valves were opened to allow the de-ionised water to drain into the outlet collection tanks.  The experimental batch runs were then conducted in triplicate for osmotic agents against de-ionised water initially, and then against microalgae culture. Each batch run was operated for 2 hours, with the initial weight for the feed water and draw solution being recorded before and after the run to establish the amount of water movement (6.8) and calculate water fluxes (6.9). Magnetic stirrers were used under both the feed water and draw solution inlet tanks to keep the microalgae and osmotic agents well mixed throughout the batch runs. Moreover, after the initial runs, the end diluted osmotic agents were recycled for a second and third time to further assess their performances (Table 6.9). The same was carried out for osmotic agents against microalgae culture batch runs with the 
addition of reloading of the run’s concentrated microalgae culture each time (Table 6.10).       
   
                                    
 
 
    
  
    
 
 where:       = Water movement (L)           = Draw Solution Tank - Outlet (L)            = Draw Solution Tank - Inlet (L)           = Feed Water Tank - Inlet (L)           = Feed Water Tank - Outlet (L)        = Water Flux (L m-2 h-1)        = Active Membrane Area (m2)       = Time (h)  Cleaning was undertaken after each batch run and was conducted by flushing the entire system with 10 L of de-ionised water for osmotic agents against de-ionised and 20 L of de-ionised water for osmotic agents against microalgae culture.  
6.8 
 
 
6.9 
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Table 6.9. Experimental plan for 54 runs of osmotic agent draw solutions (Table 6.13-18) against de-ionised water as feed water.  
Draw Solution Osmotic Pressure Feed Water Batch No. Batch Run Batch Name 
Osmotic Agent A   = 0.5 De-Ionised Water 
1 1st  VBS-W-A1-1 2 1st  VBS-W-A2-1 3 1st  VBS-W-A3-1 1 2nd (recycled) VBS-W-A1-2 2 2nd (recycled) VBS-W-A2-2 3 2nd (recycled) VBS-W-A3-2 1 3rd (recycled) VBS-W-A1-3 2 3rd (recycled) VBS-W-A2-3 3 3rd (recycled) VBS-W-A3-3 
Osmotic Agent B   = 10 De-Ionised Water 
1 1st  VBS-W-B1-1 2 1st  VBS-W-B2-1 3 1st  VBS-W-B3-1 1 2nd (recycled) VBS-W-B1-2 2 2nd (recycled) VBS-W-B2-2 3 2nd (recycled) VBS-W-B3-2 1 3rd (recycled) VBS-W-B1-3 2 3rd (recycled) VBS-W-B2-3 3 3rd (recycled) VBS-W-B3-3 
Osmotic Agent C   = 20 De-Ionised Water 
1 1st  VBS-W-C1-1 2 1st  VBS-W-C2-1 3 1st  VBS-W-C3-1 1 2nd (recycled) VBS-W-C1-2 2 2nd (recycled) VBS-W-C2-2 3 2nd (recycled) VBS-W-C3-2 1 3rd (recycled) VBS-W-C1-3 2 3rd (recycled) VBS-W-C2-3 3 3rd (recycled) VBS-W-C3-3 
Osmotic Agent D   = 30 De-Ionised Water 
1 1st  VBS-W-D1-1 2 1st  VBS-W-D2-1 3 1st  VBS-W-D3-1 1 2nd (recycled) VBS-W-D1-2 2 2nd (recycled) VBS-W-D2-2 3 2nd (recycled) VBS-W-D3-2 1 3rd (recycled) VBS-W-D1-3 2 3rd (recycled) VBS-W-D2-3 3 3rd (recycled) VBS-W-D3-3 
Osmotic Agent E   = 40 De-Ionised Water 
1 1st  VBS-W-E1-1 2 1st  VBS-W-E2-1 3 1st  VBS-W-E3-1 1 2nd (recycled) VBS-W-E1-2 2 2nd (recycled) VBS-W-E2-2 3 2nd (recycled) VBS-W-E3-2 1 3rd (recycled) VBS-W-E1-3 2 3rd (recycled) VBS-W-E2-3 3 3rd (recycled) VBS-W-E3-3 
Osmotic Agent F   = 50 De-Ionised Water 
1 1st  VBS-W-F1-1 2 1st  VBS-W-F2-1 3 1st  VBS-W-F3-1 1 2nd (recycled) VBS-W-F1-2 2 2nd (recycled) VBS-W-F2-2 3 2nd (recycled) VBS-W-F3-2 1 3rd (recycled) VBS-W-F1-3 2 3rd (recycled) VBS-W-F2-3 3 3rd (recycled) VBS-W-F3-3 
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Table 6.10. Experimental plan for 54 runs of osmotic agent draw solutions (Table 6.13-18) against microalgae culture as feed water  
Draw Solution Osmotic Pressure Feed Water Batch No. Batch Run Batch Name 
Osmotic Agent A   = 0.5 Microalgae Culture 
1 1st  VBS-A-A1-1 2 1st  VBS-A-A2-1 3 1st  VBS-A-A3-1 1 2nd (recycled) VBS-A-A1-2 2 2nd (recycled) VBS-A-A2-2 3 2nd (recycled) VBS-A-A3-2 1 3rd (recycled) VBS-A-A1-3 2 3rd (recycled) VBS-A-A2-3 3 3rd (recycled) VBS-A-A3-3 
Osmotic Agent B   = 10 Microalgae Culture 
1 1st  VBS-A-B1-1 2 1st  VBS-A-B2-1 3 1st  VBS-A-B3-1 1 2nd (recycled) VBS-A-B1-2 2 2nd (recycled) VBS-A-B2-2 3 2nd (recycled) VBS-A-B3-2 1 3rd (recycled) VBS-A-B1-3 2 3rd (recycled) VBS-A-B2-3 3 3rd (recycled) VBS-A-B3-3 
Osmotic Agent C   = 20 Microalgae Culture 
1 1st  VBS-A-C1-1 2 1st  VBS-A-C2-1 3 1st  VBS-A-C3-1 1 2nd (recycled) VBS-A-C1-2 2 2nd (recycled) VBS-A-C2-2 3 2nd (recycled) VBS-A-C3-2 1 3rd (recycled) VBS-A-C1-3 2 3rd (recycled) VBS-A-C2-3 3 3rd (recycled) VBS-A-C3-3 
Osmotic Agent D   = 30 Microalgae Culture 
1 1st  VBS-A-D1-1 2 1st  VBS-A-D2-1 3 1st  VBS-A-D3-1 1 2nd (recycled) VBS-A-D1-2 2 2nd (recycled) VBS-A-D2-2 3 2nd (recycled) VBS-A-D3-2 1 3rd (recycled) VBS-A-D1-3 2 3rd (recycled) VBS-A-D2-3 3 3rd (recycled) VBS-A-D3-3 
Osmotic Agent E   = 40 Microalgae Culture 
1 1st  VBS-A-E1-1 2 1st  VBS-A-E2-1 3 1st  VBS-A-E3-1 1 2nd (recycled) VBS-A-E1-2 2 2nd (recycled) VBS-A-E2-2 3 2nd (recycled) VBS-A-E3-2 1 3rd (recycled) VBS-A-E1-3 2 3rd (recycled) VBS-A-E2-3 3 3rd (recycled) VBS-A-E3-3 
Osmotic Agent F   = 50 Microalgae Culture 
1 1st  VBS-A-F1-1 2 1st  VBS-A-F2-1 3 1st  VBS-A-F3-1 1 2nd (recycled) VBS-A-F1-2 2 2nd (recycled) VBS-A-F2-2 3 2nd (recycled) VBS-A-F3-2 1 3rd (recycled) VBS-A-F1-3 2 3rd (recycled) VBS-A-F2-3 3 3rd (recycled) VBS-A-F3-3 
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6.3 Forward Osmosis Results  
 The potential of FO technology was assessed in dewatering microalgae culture in the pursuit to hone a more energy efficient technology which in turn could potentially be applied on a larger scale as part of biofuel production. This section describes the results attained through the use of an in-house designed and constructed FO membrane chamber.   Initially, the osmotic pressures of the different chemical components for potential draw agent candidates were measured. An osmotic difference could then be calculated after the two feed water’s osmotic pressures were established, one of which was pure water with an osmotic pressure of zero. The other was microalgae culture during stationary growth phase which was also measured as zero due to such low concentrations of medium (Section 6.2.2.1). Therefore, osmotic differences between 
any draw solution and the feed water were always taken in accordance to the draw solution’s measured osmotic pressure.  Both Horizontal Continuous System (HCS) and Vertical Batch System (VBS) setups were used to gain results however, HCS results did not show promise in terms of water movement from the feed water to the draw solution thus no water flux could be calculated. This may have been due to limited resident time in the FO chamber allowing for water to be pulled from one side to the other.  The cause of which was due to the flow rate being excessively high even at the lowest flow meter setting. Thus results from only the VBS setup are later presented in this section (6.3.2).    
 
6.3.1 Assessment of Candidate Draw Agents  The individual chemical components of CCAP recommended medium of 3N-MMM+V (Section 4.2.1) for Chlorella vulgaris cultivation were taken in non-diluted forms to explore their osmotic pressures. The osmotic pressures of all the chemicals were theoretically calculated using OLI stream software (Section 6.2.2.2) before being experimentally validated through the hydroscopic method at the same concentrations (Table 6.11). More specifically, theoretical analysis showed the highest osmotic pressure of 36.84 atm for NaNO3 followed by KH2PO4 with a value of 5.614 atm. The experimental attained osmotic pressures of NaNO3 and KH2PO4 were 37.09 atm and 5.43 atm, respectively. An overall difference of ± 0.6 atm was shown between the theoretical and experimental analysis for two of the chemical agents (NaNO3 and KH2PO4), which suggest reliability in these results. The remaining four chemical agents could not be verified experimentally as the concentrations for the desired medium were too low for the hydrometer probe to measure. 
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Table 6.11. Theoretical and experimental osmotic pressures of each individual chemical component used to for the makeup of Chlorella vulgaris CCAP recommended cultivation medium (Section 4.2.1). 
Osmotic Agent Chemicals g L-1 OLI (atm) Experimental Sodium Nitrate NaNO3 75 Π = 36.84  α1 = 0.973 Π = 37.09 Calcium Chloride Dihydrate CaCl2.2H2O 2.5 Π = 1.108 *N/A *N/A Magnesium Sulphate Heptahydrate MgSO4.7H2O 7.5 Π = 0.869  *N/A *N/A Potassium Phosphate Dibasic Trihydrate K2HPO4.3H2O 7.5 Π = 2.030  *N/A *N/A Potassium Phosphate Monobasic  KH2PO4 17.5 Π = 5.614  α1 = 0.996 Π = 5.43 Sodium Chloride NaCl 2.5 Π = 1.976  *N/A *N/A *N/A – Concentration too low for hygrometer probe to measure  Four chemical agents from Table 6.11 were selected to generate two osmotic agent blends. The theoretical and experimental osmotic pressures of blend I were 42.71 atm and 46.64 atm, respectively, whereas, slightly lower pressures of 41.63 atm and 41.24 atm were obtained for blend II (Table 6.12).  
Table 6.12. Theoretical and experimental osmotic pressures for two draw solution candidates. 
Draw Solution Chemicals g L-1 OLI (atm) Experimental 
Osmotic Agent Blend I 
NaNO3 75 
  = 42.71 α1 = 0.969   = 42.64 atm CaCl2.2H2O 2.5 MgSO4.7H2O 7.5 NaCl 2.5 
Osmotic Agent Blend II NaNO3 75   = 41.63  α1 = 0.970   = 41.24 atm CaCl2.2H2O 2.5 NaCl 2.5  Due to a minute difference in osmotic pressures of 1.08 atm between the two blends, blend I was dropped as the absence of Magnesium Sulphate Heptahydrate would reduce material cost in any potential scale-up as one less chemical compound would be required. Therefore the chemical constitutes of Blend II were taken forward as the chosen draw solution elements to form six different osmotic agents. Each agent represented different osmotic pressures in the range of 0.5 atm up to 50 atm (Table 6.6). The concentration of each agent was initially determined by theoretical means before being confirmed experimentally (Table 6.13, Table 6.14, Table 6.15, Table 6.16, Table 6.17 and Table 6.13).   
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Table 6.13. Theoretical and experimental osmotic pressures of osmotic agent A. 
Osmotic Agent A g L-1 OLI (atm) Water Activity Experimental (atm) Sodium Nitrate NaNO3 0.75 Π = 0.42 
Π = 0.46  α1 = *N/A   = *N/A Calcium Chloride Dihydrate CaCl2.2H2O 0.025 Π = 0.01 Sodium Chloride NaCl 0.025 Π = 0.02 *N/A – Concentration too low for hygrometer probe to measure 
Table 6.14. Theoretical and experimental osmotic pressures of osmotic agent B. 
Osmotic Agent B g L-1 OLI (atm) Water Activity Experimental (atm) Sodium Nitrate NaNO3 18 Π =  9.37 
  = 10.25 α1 = 0.992   = 10.88 Calcium Chloride Dihydrate CaCl2.2H2O 0.6 Π = 0.28 Sodium Chloride NaCl 0.6 Π = 0.49 
 
Table 6.15. Theoretical and experimental osmotic pressures of osmotic agent C. 
Osmotic Agent C g L-1 OLI (atm) Water Activity Experimental (atm) Sodium Nitrate NaNO3 36 Π = 18.43  
  = 20.17 α1 = 0.985   = 20.46 Calcium Chloride Dihydrate CaCl2.2H2O 1.2 Π = 0.55 Sodium Chloride NaCl 1.2 Π = 0.96 
 
Table 6.16. Theoretical and experimental osmotic pressures of osmotic agent D. 
Osmotic Agent D g L-1 OLI (atm) Water Activity Experimental (atm) Sodium Nitrate NaNO3 54 Π = 27.41 
  = 30.05 α1 = 0.978   = 30.12 Calcium Chloride Dihydrate CaCl2.2H2O 1.8 Π = 0.81 Sodium Chloride NaCl 1.8 Π = 1.44 
 
Table 6.17. Theoretical and experimental osmotic pressures of osmotic agent E. 
Osmotic Agent E g L-1 OLI (atm) Water Activity Experimental (atm) Sodium Nitrate NaNO3 75 Π = 37.90 
  = 41.63 α1 = 0.970   = 41.24 Calcium Chloride Dihydrate CaCl2.2H2O 2.5 Π = 1.11 Sodium Chloride NaCl 2.5 Π = 1.98 
 
Table 6.18. Theoretical and experimental osmotic pressures of osmotic agent F. 
Osmotic Agent F g L-1 OLI (atm) Water Activity Experimental (atm) Sodium Nitrate NaNO3 90 Π =  45.43 
  = 49.99 α1 = 0.963   = 51.05 Calcium Chloride Dihydrate CaCl2.2H2O 3 Π = 1.33 Sodium Chloride NaCl 3 Π = 2.37 
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6.3.2 Osmotic Draw Agents against De-Ionised Water Feed 
 The Vertical Batch System (VBS) setup was utilised to run de-ionised water as feed against six different osmotic agents labeled as A, B, C, D, E and F representing osmotic pressure differences of 0.5, 10.88, 20.46, 30.12, 41.24 and 51.05 atm, respectively. The final results were then used to generate baseline performance for water fluxes, against which, the microalgae dewatering results would be compared to. Moreover, the following subsections will detail the results achieved for each of the osmotic agents comprising of first, second and third batch runs all of which were carried out in triplicate (Table 6.19).    
Table 6.19.  Correlation between batch run number and the corresponding experimental batch name for draw solution against de-ionised water feed. 
Batch Run Number Experimental Batch Name 
First  VBS-W-A/B/C/D/E/F1-1 VBS-W-A/B/C/D/E/F 2-1 VBS-W-A/B/C/D/E/F 3-1 
Second (Recycled) VBS-W-A/B/C/D/E/F 1-2 VBS-W-A/B/C/D/E/F 2-2 VBS-W-A/B/C/D/E/F 3-2 
Third (Recycled) VBS-W-A/B/C/D/E/F 1-3 VBS-W-A/B/C/D/E/F 2-3 VBS-W-A/B/C/D/E/F 3-3 
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6.3.2.1 Osmotic Agent A (VBS-W-A) Three batch runs labeled, VBS-W-A1/2/3-1, VBS-W-A1/2/3-2 and VBS-W-A1/2/3-3, were conducted for a set duration of 120 minutes at a constant membrane area of 0.025 m2. The initial and final weights for both feed water and draw solution were measured and the difference (∆) was noted. An average ∆ was then used in Equation 6.5 to calculate the water Flux as described in Section 6.2.2.4. Each run was then repeated three times and average values, together with standard errors were calculated (Table 6.20). More specifically, Figure 6.4 describes the average water flux as function of the three runs. It shows a common value of 0.06 L m-2 h-1 for first and second runs and a slightly lower value of 0.05 L m-2 h-1 for the third run.   
Table 6.20.  Water flux (Jv) results of de-ionised water feed against osmotic agent A draw solution for three different runs done in triplicate (VBS-W-A1/2/3-1, VBS-W-A1/2/3-2 and VBS-W-A1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight ∆ 
Initial 
Weight 
Final 
Weight ∆ VBS-W-A1-1 120 0.025 2559 2555 4 2486 2489 3 3.5 0.07 0.06 0.01 VBS-W-A2-1 2581 2578 3 2499 2501 2 2.5 0.05 VBS-W-A3-1 2538 2534 4 2507 2510 3 3.5 0.07 VBS-W-A1-2 120 0.025 2538 2536 2 2477 2480 3 2.5 0.05 0.06 0.01 VBS-W-A2-2 2564 2561 3 2492 2494 2 2.5 0.05 VBS-W-A3-2 2525 2520 5 2498 2501 3 4.0 0.08 VBS-W-A1-3 120 0.025 2525 2523 2 2469 2471 2 2.0 0.04 0.05 0.01 VBS-W-A2-3 2552 2549 3 2488 2490 2 2.5 0.05 VBS-W-A3-3 2513 2509 4 2496 2499 3 3.5 0.07  
 
Figure 6.4. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-W-A1/2/3-1,  VBS-W-A1/2/3-2 & VBS-W-A1/2/3-3, respectively) and collective performance average.    
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6.3.2.2 Osmotic Agent B (VBS-W-B) Similarly to the procedure described in the previous section, water fluxes of three batch runs were calculated for osmotic agent B through weight differences measured between the feed water and draw solution (Table 6.21). More specifically, the average water flux for the first (VBS-W-B1/2/3-1), second (VBS-W-B1/2/3-2) and third (VBS-W-B1/2/3-3) runs were calculated at 3.01, 2.87 and 2.69 L m-2 h-1, respectively. The average decrease in water flux performance from the first to the third run is illustrated in Figure 6.6.    
Table 6.21.  Water flux (Jv) results of de-ionised water feed against osmotic agent B draw solution for three different runs done in triplicate (VBS-W-B1/2/3-1, VBS-W-B1/2/3-2 and VBS-W-B1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight ∆ 
Initial 
Weight 
Final 
Weight ∆ VBS-W-B1-1 120 0.025 2921 2777 144 2386 2534 148 146 2.92 3.01 0.05 VBS-W-B2-1 2913 2758 155 2267 2413 146 150.5 3.01 VBS-W-B3-1 2799 2646 153 2341 2498 157 155 3.10 VBS-W-B1-2 120 0.025 2724 2587 137 2493 2627 134 135.5 2.71 2.87 0.08 VBS-W-B2-2 2744 2594 150 2303 2451 148 149 2.98 VBS-W-B3-2 2562 2418 144 2449 2596 147 145.5 2.91 VBS-W-B1-3 120 0.025 2528 2401 127 2594 2719 125 126 2.52 2.69 0.10 VBS-W-B2-3 2566 2419 147 2400 2541 141 144 2.88 VBS-W-B3-3 2534 2401 133 2516 2651 135 134 2.68   
 
Figure 6.5. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-W-B1/2/3-1,  VBS-W-B1/2/3-2 & VBS-W-B1/2/3-3, respectively) and collective performance average.    
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6.3.2.3 Osmotic Agent C (VBS-W-C) In this section osmotic agent C was used as the draw solution for three different runs. The standard procedure for water flux determination was also followed. The results for water movement through the membrane was measured and consequently used to calculate relative water fluxes (Table 6.22). Moreover, the average values for water fluxes were 4.99, 4.76 and 4.51 L m-2 h-1 for VBS-W-C1/2/3-1, VBS-W-C1/2/3-2 and VBS-W-C1/2/3-3, respectively. Again, a decrease in performance from run one to run three was observed (Figure 6.6).    
Table 6.22.  Water flux (Jv) results of de-ionised water feed against osmotic agent C draw solution for three different runs done in triplicate (VBS-W-C1/2/3-1, VBS-W-C1/2/3-2 and VBS-W-C1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight ∆ 
Initial 
Weight 
Final 
Weight ∆ VBS-W-C1-1 120 0.025 3113 2853 260 2236 2497 261 260.5 5.21 4.99 0.12 VBS-W-C2-1 3030 2791 239 2201 2442 241 240 4.80 VBS-W-C3-1 3134 2887 247 2163 2411 248 247.5 4.95 VBS-W-C1-2 120 0.025 2834 2601 233 2439 2666 227 230 4.60 4.76 0.13 VBS-W-C2-2 2731 2496 235 2381 2613 232 233.5 4.67 VBS-W-C3-2 2837 2587 250 2347 2599 252 251 5.02 VBS-W-C1-3 120 0.025 2548 2327 221 2619 2840 221 221 4.42 4.51 0.07 VBS-W-C2-3 2470 2251 219 2571 2798 227 223 4.46 VBS-W-C3-3 2502 2271 231 2559 2792 233 232 4.64 
 
 
Figure 6.6. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-W-C1/2/3-1,  VBS-W-C1/2/3-2 & VBS-W-C1/2/3-3, respectively) and collective performance average.    
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6.3.2.4 Osmotic Agent D (VBS-W-D) Through running osmotic agent D against de-ionised water feed, average water fluxes for three recycling batch runs (VBS-W-D1/2/3-1, VBS-W-D1/2/3-2 and VBS-W-D1/2/3-3) were determined with standard errors (Table 6.23). As before, decreases in water flux performances were observed with a recorded regression from 6.99 to 6.53 L m-2 h-1 between the first (VBS-W-D1/2/3-1) and third (VBS-W-D1/2/3-3) runs (Figure 6.7).   
Table 6.23.  Water flux (Jv) results of de-ionised water feed against osmotic agent D draw solution for three different runs done in triplicate (VBS-W-D1/2/3-1, VBS-W-D1/2/3-2 and VBS-W-D1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight ∆ 
Initial 
Weight 
Final 
Weight ∆ VBS-W-D1-1 120 0.025 3360 3011 349 1974 2327 353 351 7.02 6.99 0.10 VBS-W-D2-1 3330 2992 338 1976 2318 342 340 6.80 VBS-W-D3-1 3489 3134 355 1931 2292 361 358 7.16 VBS-W-D1-2 120 0.025 2920 2583 337 2283 2629 346 341.5 6.83 6.74 0.16 VBS-W-D2-2 2924 2598 326 2276 2593 317 321.5 6.43 VBS-W-D3-2 3048 2701 347 2236 2585 349 348 6.96 VBS-W-D1-3 120 0.025 2542 2204 338 2609 2939 330 334 6.68 6.53 0.22 VBS-W-D2-3 2546 2239 307 2507 2809 302 304.5 6.09 VBS-W-D3-3 2613 2271 342 2545 2884 339 340.5 6.81   
 
Figure 6.7. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-W-D1/2/3-1,  VBS-W-D1/2/3-2 & VBS-W-D1/2/3-3, respectively) and collective performance average.   
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6.3.2.5 Osmotic Agent E (VBS-W-E) In the following experiments, draw solution composed of osmotic agent E was investigated for water flux determination. Three different runs defined by VBS-W-E1/2/3-1, VBS-W-E1/2/3-2 and VBS-W-E1/2/3-3 were conducted and each of them repeated three times for a total amount of 9 batch runs (Table 6.24). The average water fluxes for the three runs of VBS-W-E1/2/3-1, VBS-W-E1/2/3-2 and VBS-W-E1/2/3-3 were calculated at 8.34, 8.21 and 7.99 L m-2 h-1, respectively. Graphical illustration comparing the three batch runs and overall average again depicts a performance decline of water movement from feed side to draw solution (Figure 6.8).   
Table 6.24.  Water flux (Jv) results of de-ionised water feed against osmotic agent E draw solution for three different runs done in triplicate (VBS-W-E1/2/3-1, VBS-W-E1/2/3-2 and VBS-W-E1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight ∆ 
Initial 
Weight 
Final 
Weight ∆ VBS-W-E1-1 120 0.025 3497 3071 426 1993 2412 419 422.5 8.45 8.34 0.06 VBS-W-E2-1 3410 2989 421 1870 2278 408 414.5 8.29 VBS-W-E3-1 3463 3052 411 1923 2339 416 413.5 8.27 VBS-W-E1-2 120 0.025 3018 2602 416 2321 2738 417 416.5 8.33 8.21 0.06 VBS-W-E2-2 2910 2499 411 2235 2642 407 409 8.18 VBS-W-E3-2 2999 2594 405 2269 2677 408 406.5 8.13 VBS-W-E1-3 120 0.025 2559 2156 403 2655 3054 399 401 8.02 7.99 0.03 VBS-W-E2-3 2459 2060 399 2593 2995 402 400.5 8.01 VBS-W-E3-3 2566 2170 396 2641 3039 398 397 7.94  
 
Figure 6.8. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-W-E1/2/3-1,  VBS-W-E1/2/3-2 & VBS-W-E1/2/3-3, respectively) and collective performance average.    
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6.3.2.6 Osmotic Agent F (VBS-W-F) The last analysis for water flux measurement for draw solution against de-ionised water feed was performed with osmotic agent F. The average water movement for the first (VBS-W-F1/2/3-1), second (VBS-W-F2/2/3-1) and third (VBS-W-F3/2/3-1) runs were measured and used in calculating the average water fluxes of 10.30, 10.13 and 9.98 L m-2 h-1, respectively (Table 6.25). As before, a consecutive drop in water movement was witnessed with each recycled run (Figure 6.9).   
Table 6.25.  Water flux (Jv) results of de-ionised water feed against osmotic agent F draw solution for three different runs done in triplicate (VBS-W-F1/2/3-1, VBS-W-F1/2/3-2 and VBS-W-F1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight 
∆ Initial 
Weight 
Final 
Weight 
∆ 
VBS-W-F1-1 120 0.025 3701 3207 494 1891 2398 507 500.5 10.01 10.30 0.21 VBS-W-F2-1 3690 3184 506 1820 2332 512 509 10.18 VBS-W-F3-1 3848 3310 538 1838 2372 534 536 10.72 VBS-W-F1-2 120 0.025 3126 2634 492 2314 2798 484 488 9.76 10.13 0.29 VBS-W-F2-2 3100 2599 501 2249 2741 492 496.5 9.93 VBS-W-F3-2 3250 2717 533 2257 2793 536 534.5 10.69 VBS-W-F1-3 120 0.025 2580 2100 480 2639 3112 473 476.5 9.53 9.98 0.34 VBS-W-F2-3 2559 2068 491 2649 3134 485 488 9.76 VBS-W-F3-3 2644 2111 533 2667 3199 532 532.5 10.65   
 
Figure 6.9. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-W-F1/2/3-1,  VBS-W-F1/2/3-2 & VBS-W-F1/2/3-3, respectively) and collective performance average.    
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6.3.3 Osmotic Draw Agents against Microalgae Culture Feed 
  Microalgae culture maintained at stationary growth phase with an approximate concentration of 300 x 106 cell ml-1 were used to load the VBS’s feed water inlet tanks and run against the same six osmotic agents labeled as A, B, C, D, E and F representing the rising osmotic pressure from 0.5 atm to just over 50 atm in regular intervals. The weight difference after each run was then noted before an average difference between the feed water and draw solution sides was calculated as in Section 6.3.2 and subsequent average water fluxes (Jv) could be calculated. All the batch runs were again carried out in triplicate (Table 6.26) and are presented in the following subsections in chronological order.     
Table 6.26.  Correlation between batch run number and the corresponding experimental batch name for draw solution against microalgae culture feed. 
Batch Run Number Experimental Batch Name 
First  VBS-A-A/B/C/D/E/F1-1 VBS-A-A/B/C/D/E/F 2-1 VBS-A-A/B/C/D/E/F 3-1 
Second (Recycled) VBS-A-A/B/C/D/E/F 1-2 VBS-A-A/B/C/D/E/F 2-2 VBS-A-A/B/C/D/E/F 3-2 
Third (Recycled) VBS-A-A/B/C/D/E/F 1-3 VBS-A-A/B/C/D/E/F 2-3 VBS-A-A/B/C/D/E/F 3-3 
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6.3.3.1 Osmotic Agent A (VBS-A-A) The first three microalgae feed batch runs labeled VBS-A-A1/2/3-1, VBS-A-A1/2/3-2 and VBS-A-A1/2/3-3 were again conducted for a set period of 120 minutes with a 0.025 m2 exposed membrane area. The exact mass of both the feed water and draw solution inlet tanks were noted before each run commenced and compared to the measured mass for their counterpart collection tanks to attain an average difference which was utilised in calculating the rate of microalgae dewatering in the form of water flux (Equation 6.2). Each run was conducted in triplicate to achieve averages and associated standard errors (Table 6.27). More specifically, Figure 6.10 illustrates a common average water flux value of 0.05 L m-2 h-1 for 1st and 2nd runs and a slightly lower flux of 0.04 L m-2 h-1 for the 3rd run.   
Table 6.27.  Water flux (Jv) results of microalgae culture feed against osmotic agent A draw solution for three different runs done in triplicate (VBS-A-A1/2/3-1, VBS-A-A1/2/3-2 and VBS-A-A1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight ∆ 
Initial 
Weight 
Final 
Weight ∆ VBS-A-A1-1 120 0.025 2856 2854 2 2772 2773 1 1.5 0.03 0.05 0.01 VBS-A-A2-1 2966 2963 3 2684 2687 3 3 0.06 VBS-A-A3-1 2725 2723 2 2787 2791 4 3 0.06 VBS-A-A1-2 120 0.025 2822 2819 3 2710 2713 3 3 0.06 0.05 0.01 VBS-A-A2-2 2934 2932 2 2660 2662 2 2 0.04 VBS-A-A3-2 2704 2701 3 2765 2768 3 3 0.06 VBS-A-A1-3 120 0.025 2786 2784 2 2692 2693 1 1.5 0.03 0.04 0.01 VBS-A-A2-3 2889 2888 1 2593 2596 3 2 0.04 VBS-A-A3-3 2644 2641 3 2734 2736 2 2.5 0.05  
 
Figure 6.10. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-A-A1/2/3-1,  VBS-A-A1/2/3-2 & VBS-A-A1/2/3-3, respectively) and collective performance average.    
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6.3.3.2 Osmotic Agent B (VBS-A-B) Average weight differences for the nine different batches representing three batch runs (VBS-A-B1/2/3-1, VBS-A-B1/2/3-2 and VBS-A-B1/2/3-3) were measured and used to calculate the average water flux per run (Table 6.28). More specifically, the average water flux for the 1st (VBS-A-B1/2/3-1), 2nd (VBS-A-B1/2/3-2) and 3rd (VBS-A-B1/2/3-3) runs were calculated as 2.66, 2.41 and 2.34 L m-2 h-1, respectively. An average decrease in water flux performance from the 1st to the 3rd run is illustrated in Figure 6.11.   
Table 6.28.  Water flux (Jv) results of microalgae culture feed against osmotic agent B draw solution for three different runs done in triplicate (VBS-A-B1/2/3-1, VBS-A-B1/2/3-2 and VBS-A-B1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight ∆ 
Initial 
Weight 
Final 
Weight ∆ VBS-A-B1-1 120 0.025 3224 3097 127 2489 2623 134 130.5 2.61 2.66 0.03 VBS-A-B2-1 3101 2963 138 2558 2686 128 133 2.66 VBS-A-B3-1 3324 3184 140 2413 2544 131 135.5 2.71 VBS-A-B1-2 120 0.025 3068 2949 119 2581 2695 114 116.5 2.33 2.41 0.05 VBS-A-B2-2 2921 2798 123 2668 2786 118 120.5 2.41 VBS-A-B3-2 3156 3032 124 2513 2639 126 125 2.50 VBS-A-B1-3 120 0.025 2911 2800 111 2654 2762 108 109.5 2.19 2.34 0.08 VBS-A-B2-3 2769 2648 121 2744 2859 115 118 2.36 VBS-A-B3-3 3012 2889 123 2596 2721 125 124 2.48  
 
Figure 6.11. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-A-B1/2/3-1,  VBS-A-B1/2/3-2 & VBS-A-B1/2/3-3, respectively) and collective performance average.    
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6.3.3.3 Osmotic Agent C (VBS-A-C) The standard procedure for water flux determination was followed for osmotic agent C selected draw solution. Again three repeats of three batch runs (VBS-A-C1/2/3-1, VBS-A-C1/2/3-2 and VBS-A-C1/2/3-3) were carried out to assess water movement through 0.025m2 FO membrane before 
subsequently calculating each batch run’s average water flux (Table 6.29). Moreover, a decreasing dewatering capability was witnessed with each additional batch run (Figure 6.12) represented in the descending average water flux values of 4.34, 4.21 and 4.08 L m-2 h-1 for VBS-A-C1/2/3-1, VBS-A-C1/2/3-2 and VBS-A-C1/2/3-3, respectively.   
Table 6.29.  Water flux (Jv) results of microalgae culture feed against osmotic agent C draw solution for three different runs done in triplicate (VBS-A-C1/2/3-1, VBS-A-C1/2/3-2 and VBS-A-C1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight ∆ 
Initial 
Weight 
Final 
Weight ∆ VBS-A-C1-1 120 0.025 3207 2981 226 2446 2662 216 221 4.42 4.34 0.13 VBS-A-C2-1 3079 2872 207 2386 2588 202 204.5 4.09 VBS-A-C3-1 2980 2756 224 2285 2513 228 226 4.52 VBS-A-C1-2 120 0.025 2952 2730 222 2592 2793 201 211.5 4.23 4.21 0.14 VBS-A-C2-2 2846 2642 204 2553 2744 191 197.5 3.95 VBS-A-C3-2 2734 2517 217 2474 2701 227 222 4.44 VBS-A-C1-3 120 0.025 2699 2488 211 2761 2968 207 209 4.18 4.08 0.12 VBS-A-C2-3 2594 2399 195 2717 2907 190 192.5 3.85 VBS-A-C3-3 2485 2273 212 2669 2879 210 211 4.22 
 
 
Figure 6.12. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-A-C1/2/3-1,  VBS-A-C1/2/3-2 & VBS-A-C1/2/3-3, respectively) and collective performance average.    
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6.3.3.4 Osmotic Agent D (VBS-A-D) Utilising draw solution labeled osmotic agent D against de-ionised water feed, three batch runs were conducted in triplicate (VBS-A-D1/2/3-1, VBS-A-D1/2/3-2 and VBS-A-D1/2/3-3) to attain average water mass movement for water flux calculations (Table 6.30). A pattern of decline in water flux performance was again detected. Figure 6.13 illustrates the regression from 6.28 to 6.01 L m-2 h-1 between the 1st (VBS-A-D1/2/3-1) and 3rd (VBS-A-D1/2/3-3) batch runs.   
Table 6.30.  Water flux (Jv) results of microalgae culture feed against osmotic agent D draw solution for three different runs done in triplicate (VBS-A-D1/2/3-1, VBS-A-D1/2/3-2 and VBS-A-D1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight 
∆ Initial 
Weight 
Final 
Weight 
∆ 
VBS-A-D1-1 120 0.025 3441 3111 330 2408 2725 317 323.5 6.47 6.28 0.12 VBS-A-D2-1 3479 3169 310 2393 2712 319 314.5 6.29 VBS-A-D3-1 3274 2961 313 2274 2568 294 303.5 6.07 VBS-A-D1-2 120 0.025 3068 2747 321 2661 2983 322 321.5 6.43 6.17 0.13 VBS-A-D2-2 3124 2828 296 2654 2956 302 299 5.98 VBS-A-D3-2 2916 2611 305 2459 2764 305 305 6.10 VBS-A-D1-3 120 0.025 2706 2394 312 2941 3251 310 311 6.22 6.01 0.12 VBS-A-D2-3 2794 2506 288 2881 3174 293 290.5 5.81 VBS-A-D3-3 2587 2287 300 2645 2946 301 300.5 6.01  
 
Figure 6.13. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-A-D1/2/3-1,  VBS-A-D1/2/3-2 & VBS-A-D1/2/3-3, respectively) and collective performance average.    
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6.3.3.5 Osmotic Agent E (VBS-A-E) The following experiment comprised of osmotic agent E as the draw solution for water flux investigation. As always, three different runs defined as VBA-A-E1/2/3-1, VBS-A-E1/2/3-2 and VBS-A-E1/2/3-3 were conducted in triplicate amounting to nine batch runs in total (Table 6.31). The resulting average water fluxes were calculated at 7.69, 7.53 and 7.30 L m-2 h-1 for VBA-A-E1/2/3-1, VBS-A-E1/2/3-2 and VBS-A-E1/2/3-3, respectively. A collective average value of 7.51 L m-2 h-1 was calculated for all three batches runs (Figure 6.14).  
Table 6.31.  Water flux (Jv) results of microalgae culture feed against osmotic agent E draw solution for three different runs done in triplicate (VBS-A-E1/2/3-1, VBS-A-E1/2/3-2 and VBS-A-E1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight ∆ 
Initial 
Weight 
Final 
Weight ∆ VBS-A-E1-1 120 0.025 3501 3088 413 2052 2447 395 404 8.08 7.69 0.23 VBS-A-E2-1 3521 3129 392 2016 2395 379 385.5 7.71 VBS-A-E3-1 3434 3061 373 2034 2390 356 364.5 7.29 VBS-A-E1-2 120 0.025 3036 2628 408 2387 2769 382 395 7.90 7.53 0.22 VBS-A-E2-2 3095 2712 383 2320 2691 371 377 7.54 VBS-A-E3-2 3027 2666 361 2330 2683 353 357 7.14 VBS-A-E1-3 120 0.025 2554 2172 382 2694 3074 380 381 7.62 7.30 0.18 VBS-A-E2-3 2661 2296 365 2630 2993 363 364 7.28 VBS-A-E3-3 2613 2269 344 2629 2986 357 350.5 7.01  
 
Figure 6.14. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-A-E1/2/3-1,  VBS-A-E1/2/3-2 & VBS-A-E1/2/3-3, respectively) and collective performance average.    
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6.3.3.6 Osmotic Agent F (VBS-A-F) The final experimental assessment involved osmotic agent F. Three batch runs conducted in triplicate comprising of VBS-A-F1/2/3-1, VBS-A-F2/2/3-1 and VBS-A-F3/2/3-1 were carried out and water fluxes calculated for each along with standard errors (Table 6.32). The results illustrated in Figure 6.15 show a fall in the average water flux from 9.85 L m-2 h-1 down to 9.57 L m-2 h-1 and finally 9.13 L m-2 h-1 for VBS-A-F1/2/3-1, VBS-A-F2/2/3-1 and VBS-A-F3/2/3-1, respectively.   
Table 6.32.  Water flux (Jv) results of microalgae culture feed against osmotic agent F draw solution for three different runs done in triplicate (VBS-A-F1/2/3-1, VBS-A-F1/2/3-2 and VBS-A-F1/2/3-3). 
Experimental 
Batch Name 
Time 
(min) 
Membrane 
Area  
(m2) 
Feed Water (g) Draw Solution (g) 
Average  
∆ (g) 
Water Flux 
Jv (L m-2 h-1) 
Average 
Water Flux 
Jv (L m-2 h-1) 
StEr Initial 
Weight 
Final 
Weight 
∆ Initial 
Weight 
Final 
Weight 
∆ 
VBS-A-F1-1 120 0.025 3655 3134 521 2077 2584 507 514 10.28 9.85 0.26 VBS-A-F2-1 3664 3159 505 2035 2518 483 494 9.88 VBS-A-F3-1 3560 3088 472 2066 2532 466 469 9.38 VBS-A-F1-2 120 0.025 3099 2608 491 2490 2986 496 493.5 9.87 9.57 0.17 VBS-A-F2-2 3129 2643 486 2477 2945 468 477 9.54 VBS-A-F3-2 3039 2579 460 2442 2912 470 465 9.30 VBS-A-F1-3 120 0.025 2596 2128 468 2799 3271 472 470 9.40 9.13 0.15 VBS-A-F2-3 2607 2136 471 2856 3296 440 455.5 9.11 VBS-A-F3-3 2534 2098 436 2859 3312 453 444.5 8.89  
 
Figure 6.15. Graphical illustration of average calculated water flux (Jv) for 1st, 2nd & 3rd batch runs (VBS-A-F1/2/3-1,  VBS-A-F1/2/3-2 & VBS-A-F1/2/3-3, respectively) and collective performance average.    
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6.4 Discussion on FO Potential to Dewater Microalgae Culture  Initial results indicated a draw solution chemical combination would be inclusive of three of the six medium constituents, as osmotic pressure between the two final candidates, containing four and three chemical compounds (Table 6.12) only had a osmotic difference of 1.08 atm. This difference could not be justified in terms of any additional cost (Achilli et al., 2010; Mo et al., 2015) which would be incurred for a fourth chemical compound (MgSO4.7H2O) that would represent a gain of only 2.6% in osmotic pressure. Furthermore, literature indicated an added benefit in dropping the chemical compound MgSO4.7H2O from the draw solution as it was found to be contributing towards membrane fouling when microalgae culture was run as the feed due to reverse diffusion of Mg+2 across the membrane (Zou et al., 2011).   The theoretical analysis was conducted in reverse to predict the required individual concentrations of the three chemical constituents of NaNO3, CaCl2.2H2O and NaCl as a mixture, which in turn allowed for six different osmotic pressure samples to be prepared close to those described in Table 6.6. The synthesised samples were then taken forward for experimental determination of osmotic pressures to corroborate the osmotic agent draw solutions fell within a satisfactory range (±1.5 atm) of the targeted osmotic pressure difference (Table 6.13, Table 6.14, Table 6.15, Table 6.16, Table 6.17 and Table 6.13).   The six different osmotic pressure agents were then run in the vertical batch membrane first against de-ionised water feed for baseline results followed by microalgae culture taken from stationary growth phase to investigate the feasibility of dewatering by forward osmosis at lab scale. The results suggested an increasing water flux as the osmotic pressure rises, with a slight decrease each time a batch is recycled (Table 6.33), broadly indicating the capability of FO technology in potentially dewatering microalgae biomass within an overall process for biofuel production.  More specifically, osmotic agent A  had a small osmotic pressure difference of 0.5 atm relating to  a slight water flux of 0.06 L m-2 h-1 for the first two runs and a decreased dewatering rate of 0.05 L m-2 h-1 for the third batch run when tested against de-ionised water. A similar but marginally lower equivalent pattern was seen when the same osmotic agent was run against algae feed water, yielding 0.05 L m-2 h-1 for the first two runs and 0.04 L m-2 h-1 for the third. The results suggested dewatering did occur and the diluted draw agent was not an impacting factor on the second recycled batch but was in both cases lower for the third recycled run. It was also apparent that, when microalgae culture was substituted for the feed, a decline in flux performance, although minute, was evident. Moreover, the average water flux for the combined three batch runs against de-ionised water (0.06 L m-2 h-1) and microalgae culture (0.05 L m-2 h-1) denoted a small drop in water flux of 0.01 L m-2 h-1. This was the first indication of some sort of bio-fouling as the osmotic pressure of microalgae culture at stationary phase was experimentally verified as matching pure water (Table 6.33).  
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Osmotic agent B representing a pressure difference of 10.88 atm demonstrated more significant baseline water fluxes calculated, to be 3.01, 2.87 and 2.69 L m-2 h-1 for 1st, 2nd and 3rd batch runs, respectively (Table 6.33). Slightly lower water fluxes of 2.66, 2.41 and 2.34 L m-2 h-1 for microalgae culture feed counterpart batch runs were attained. This again points to possible membrane fouling contributing to a lesser performance as, even when the average of the combine three batch runs were calculated (2.86 and 2.47 L m-2 h-1 for de-ionised water and microalgae culture feeds, respectively), a difference in performance of 0.39 L m-2 h-1 was found. Furthermore, a reduced water flux value after each recycling batch run indicated a reduction in osmotic pressure difference as a result of water movement dilution impact on the osmotic agent draw solution. This was observed with both the baseline results and microalgae culture feed water.      The next osmotic agent (C) which was investigated had pressure difference of almost double (20.46 L m-2 h-1) its predecessor. Results indicated a similar drop in water flux after each recycled batch run for both baseline and microalgae culture feed experiments, which again indicated that the overall osmotic pressure of draw solution was reduced by visible water movement form each initial run. More specifically, results presented in Table 6.33 confirm the Jv’s calculated at 4.99, 4.76 and 4. 1 L m-2 h-1 versus 4.34, 4.21 and 4.08 L m-2 h-1 for de-ionised water against microalgae culture feeds, respectively. The average collective three run water flux performances demonstrated an increase of almost 40% (4.75 L m-2 h-1) and 35% (4.21 L m-2 h-1) against results of osmotic agent B, suggesting doubling the osmotic pressure difference did not in turn double the dewatering capability.         The fourth osmotic agent examined was labeled osmotic agent D and encompassed an osmotic pressure difference of 30.12 atm. As was expected results indicated higher initial water fluxes of 6.99 and 6.28 L m-2 h-1 for both baseline de-ionised water and microalgae culture feeds, respectively (Table 6.33). A decrease was again measured with every recycled batch run (6.74 & 6.53 L m-2 h-1 against 6.17 & 6.01 L m-2 h-1 for the 2nd and 3rd runs with de-ionised water versus microalgae culture feeds, respectively). The overall three batch run averages indicated a similar difference (0.60 L m-2 h-1) between the two feed water substances to that seen with osmotic agent C (0.54 L m-2 h-1), further suggesting the possibility of fouling causing the difference in water flux and dilution of osmotic agent reducing the Jv after each recycled run.   Results collected for osmotic agent E (41.24 atm) boasted peaks of 8.34 and 7.69 L m-2 h-1 for baseline and microalgae culture feed for initial batch runs (Table 6.33). A drop of 1.6% (8.21 L m-2 h-1) and 2.1% (7.53 L m-2 h-1) in water flux performance was identified for the second batch run (recycled) followed by an additional decline of 2.7% (7.99 L m-2 h-1) and 3.1% (7.30 L m-2 h-1) for the third batch run (recycled) in the cases of de-ionised water and microalgae culture feeds, respectively. These results would indicate that the reduction in water flux values is a direct result of recycled batches becoming more dilute on the draw solution side and in the case of microalgae feed more 
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concentrated. Furthermore, the average for the three combined batch runs equated to 8.18 L m-2 h-1 and 7.51 L m-2 h-1, again, suggesting membrane bio-fouling being the main contributor to the reduction of 0.67 L m-2 h-1 in performance between the de-ionised water feed and microalgae culture feed water.  Osmotic agent F embodied the highest osmotic pressure of 51.05 atm; equally, its water flux outcomes demonstrated the highest dewatering capabilities of all the osmotic agents (Table 6.33). More specifically, water flux values of 10.30, 10.13 and 9.98 L m-2 h-1 against 9.85, 9.57 and 9.13 L m-2 h-1 were calculated for de-ionised water versus microalgae culture feed for batch runs one, two and three, respectively. Additionally, an average taken for all three batch runs for both baseline (10.14 L m-2 h-1) and microalgae (9.52 L m-2 h-1) feed water, had a similar difference (0.62 L m-2 h-1) seen from osmotic agent C (0.54 L m-2 h-1) possibly suggesting bio-fouling of the membrane increasing with an increased osmotic pressure difference.     
 
Table 6.33. Experimentally investigated osmotic agents average water flux calculations for individual batch runs and three run overall average in both baseline de-ionised water feed and microalgae culture feed water. 
Osmotic Agent 
Draw Solution 
Average Osmotic 
Pressure (atm) 
Batch Run 
Average Jv (L m-2 h-1) 
Difference Jv 
(L m-2 h-1) De-Ionised 
Water Feed 
Microalgae 
Culture Feed 
A 0.50 1st  0.06 0.06 0.05 0.05 0.01 0.01 2nd (recycled)  0.06 0.05 0.01 3rd (recycled)  0.05 0.04 0.01 
B 10.88 1st  3.01 2.86 2.66 2.47 0.35 0.39 2nd (recycled)  2.87 2.41 0.46 3rd (recycled)  2.69 2.34 0.35 
C 20.46 1st  4.99 4.75 4.34 4.21 0.65 0.54 2nd (recycled)  4.76 4.21 0.55 3rd (recycled)  4.51 4.08 0.43 
D 30.12 1st  6.99 6.75 6.28 6.15 0.71 0.60 2nd (recycled)  6.74 6.17 0.57 3rd (recycled)  6.53 6.01 0.52 
E 41.24 1st  8.34 8.18 7.69 7.51 0.65 0.67 2nd (recycled)  8.21 7.53 0.68 3rd (recycled)  7.99 7.30 0.69 
F 51.05 1st  10.30 10.14 9.85 9.52 0.45 0.62 2nd (recycled)  10.13 9.57 0.56 3rd (recycled)  9.98 9.13 0.85 
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A direct comparison between the three batch combined averages for baseline de-ionised water feed runs against microalgae culture taken at stationary phase with a concentration of ~300 x 106 cell ml-1 suggests a close relationship. Moreover, the baseline results would be expected achieved a higher water fluxes in each osmotic pressure difference investigated (Figure 6.16).    
 
Figure 6.16. Graphical comparison of the water flux results between three-batch run averages for de-ionised water feed (DW) and microalgae culture (AW) against six different draw solution osmotic agents (DS) at pressure differences of 0.50, 10.88, 20.46, 30.12, 41.24 and 51.05 atm.    In addition, the results, illustrated in Figure 6.17, also indicated an almost linear proportional relationship with R2 values of 0.989 and 0.993 for the two three-batch run averages of de-ionised water feed (DW) and microalgae culture (AW), respectively, against draw solution agents (DS) representing the initial osmotic pressure differences of 0.50, 10.88, 20.46, 30.12, 41.24 and 51.05 atm. Furthermore, a clear difference was seen graphically in regards to the standard error between the equivalent average DW v DS and AW v DS runs. The difference relative to the same draw solution agent was calculated at just over a17% decrease in water flux for osmotic agent A representing the lowest osmotic pressure of 0.5 atm. A decline of 13.5% and 11.4% in water flux was again implied from the data between the average three-batch run baseline and microalgae culture feed for osmotic agent B (10.88 atm) and C (20.46 atm), respectively. The same trend continued with consecutively lower differences of 8.9%, 8.2% and 6.1% being calculated for water flux performances between the baseline and microalgae runs for osmotic agents D (30.12 atm), E (41.24 atm) and F (51.05 atm), respectively. The decrease in the difference as the osmotic pressure was increased suggests the dewatering capability was impacted less by membrane bio-fouling as the pressure difference increased.  
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Figure 6.17. Graphical illustration of the direct differences between equivalent water fluxes measured for three-batch run averages labelled as de-ionised water feed (DW) and microalgae culture (AW) against six different draw solution osmotic agents (DS) representing pressure differences of 0.50, 10.88, 20.46, 30.12, 41.24 and 51.05 atm.   Investigations reported in literature have explored the potential of FO technology for various dewatering applications (Ge et al., 2014). Direct comparison of performance data for related studies suggests similarities in terms of the potential for this cost efficient technology to be applied in downstream aspect of biofuel production (Table 6.34).   More specifically, Achilli et al (2010) studied a variety of single chemically constituted draw solutions at different concentrations. Interestingly, their results for NaCl and CaCl2 with concentration resulting in osmotic pressure differences of 13.8, 27.6 and 41.5 atm suggested higher water fluxes when run against de-ionised water compared to this study baseline results with similar osmotic pressure differences. A similar comparison was observed in another study (Phuntsho et al., 2011) which experimented with NaNO3 draw solutions at concentrations of 85 and 170 g L-1 achieving water fluxes of 12.96 and 20.54 L m-2 h-1, respectively. A number of factors from experimental setup to membrane manufacturer could have been responsible for such differences from our baseline results. 
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Table 6.34. Draw solution chemical makeup with concentrations and corresponding osmotic pressure differences and average water fluxes from this study and published data. 
Draw 
Solution 
Concentration 
(g L-1) 
Osmotic 
Pressure 
(atm) 
System Feed Water 
Water Flux 
(L m-2 h-1) 
Reference 
NaNO3  0.75 0.50 
Vertical Batch System  (VBS) 
De-Ionised Water Microalgae Culture 0.06 0.05 
 CaCl2.2H2O 0.025 
Present Study  
NaCl 0.025 NaNO3  18 10.88 De-Ionised Water Microalgae Culture 2.86 2.47 CaCl2.2H2O 0.6 NaCl 0.6 NaNO3  36 20.46 De-Ionised Water Microalgae Culture 4.75 4.21 CaCl2.2H2O 1.2 NaCl 1.2 NaNO3  54 30.12 De-Ionised Water Microalgae Culture 6.75 6.15 CaCl2.2H2O 1.8 NaCl 1.8 NaNO3  75 41.24 De-Ionised Water Microalgae Culture 8.18 7.51 CaCl2.2H2O 2.5 NaCl 2.5 NaNO3  90 51.05 De-Ionised Water Microalgae Culture 10.14 9.52 CaCl2.2H2O 3.0 NaCl 3.0 
NaCl 17.9 13.82 
Continuous  Recycling De-Ionised Water 
6.23 
Achilli et al (2010) 
35.2 27.63 9.65 50.8 41.45 12.17 
CaCl2 24.3 13.82 6.30 43.8 27.63 9.50 62.3 41.45 11.59 MgSO4 73.8 13.82 4.25 141.3 27.63 5.54 Na2SO4 84.7 27.63 7.70 127.3 41.45 9.22 MgCl2 47.6 41.45 9.72 NaNO3 85 - Continuous  Recycling De-Ionised Water 12.96 Phuntsho et al (2011) 170 81.10 20.54 
NaCl 29.2 22.31 Continuous  Recycling 
De-Ionised Water Microalgae Culture 16.90 - 
Zou et al (2011) 58.4 45.89 De-Ionised Water Microalgae Culture 26.80 - 
MgCl2 47.6 37.60 De-Ionised Water Microalgae Culture 22.30 - 
NaCl 35.5 26.40 Batch - Bag De-Ionised Water Microalgae Culture - 2.00 Buckwalter et al (2013) 
C3H8O3 1261 92.00 Batch - Bag De-Ionised Water Microalgae Culture 3.70 3.73 Sobczuk et al (2015) 
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Zou et al (2011) ran a continuous recycling FO bench scale rig focusing on membrane fouling when running microalgae feed water against two different draw solutions options at various concentrations. Again, their baseline results against de-ionised water differed from this study as well as investigations conducted by Achilli et al (2010) and Phuntsho et al (2011).    On the other hand, a batch approach utilising semi-permeable bags enclosing feed water was taken by Buckwalter et al (2013) and Sobczuk et al (2015). Buckwalter et al (2013) utilised the patented Offshore Membrane Enclosures for Growing Algae (OMEGA) system with seawater acting as draw agent against microalgae culture (Trent et al., 2008). They reported average water flux of 2 L m-2 h-1, 
representing almost  3% less efficiency then this study’s osmotic agent C which had a 22. % lower osmotic pressure. In Contrast, dialysis membranes submerged in pure glycerol were adopted by Sobczuk et al (2015). Results indicated more than a threefold increase in the osmotic pressure difference between pure glycerol and seawater resulting in average water flux increase of 46% relative to results attained by Buckwalter et al (2013). However, relative to this study, the highest osmotic pressure difference was almost 41 atm lower (osmotic agent F) but achieved more than 60% higher average water flux.  A difference between literature (Achilli, et al., 2010; Phuntsho, et al., 2011; Zou, et al., 2011; Buckwalter, et al., 2013; Sobczuk, et al., 2015) and the present study exists between the blended mixtures and single chemically synthesised draw solutions as presented in Table 6.34. To the best of our knowledge, the concept of selecting cultivation medium based draw solution comprising sodium nitrate, calcium chloride dehydrate and sodium chloride at the same ratio relative to CCAP guidelines (Section 4.2.1) has not been previously investigated (Mo et al., 2015). Furthermore, some of the published studies exploring fouling have attributed solute reverse diffusion from draw solution to feed water as one of the primary causes (Zou et al., 2011; Zou et al., 2013; She et al., 2012; Boo et al., 2012). Although fouling was not investigated directly within the course of this study, it was taken into consideration when selecting the draw solution chemical agents as microalgae uptake of the medium based draw solution would theoretically reduce its impact towards fouling.       
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6.5 Conclusion  The results attained from this study have further demonstrated the potential of forward osmosis technology as an effective low energy means of dewater microalgae culture. More specifically, a custom-built vertical batch system was utilised to gain the experimental water flux capabilities of six novel osmotic draw solution agents against de-ionised water and microalgae culture feeds. The blend of the selected draw solution candidate was composed of three chemical substances kept at the same ratio as recommended for the cultivation medium. The concentration of these chemical compounds was raised to attain the required osmotic pressure differences. The highest water fluxes achieved were 10.41 and 9.52 L m-2 h-1 for de-ionised water and microalgae culture feeds, respectively, at the highest-pressure difference of 51.05 atm. A decline of ~2 L m-2 h-1 was then observed with the regression of ~10 atm in osmotic pressure difference. Furthermore, literature suggested some resemblances with this study’s baseline results (Achilli et al., 2010; Phuntsho et al., 2011), however, microalgae culture feed water fluxes were reported higher than those operated under batch mode (Buckwalter et al., 2013; Sobczuk et al., 2015).   
6.6 Summary  As momentum in microalgae biofuels production research gains more and more traction, it is important to identify and explore avenues which could lead to commercially viable industry scale production. Research conducted thus far within this program of study has investigated vital aspects required to realise the potential of this sustainable energy, from simulating upstream production in two different climatic conditions, experimental cultivation during the highest and lowest periods in temperate regions to leachate waste-stream based cultivation before tackling downstream dewatering capability through forward osmosis technology. More specifically, this chapter focused on addressing energy intensive but efficient processes such centrifugation by exploring low energy technology of forward osmosis as a potential dewatering alternative hedged towards paving the way for the production of biodiesel which can ultimately be competitive against the conventional diesel product. Overall, the forward osmosis technology research within this chapter has shown promise in providing a potentially low energy method and thus a more feasible avenue for concentrating microalgae culture. Further testing over prolonged periods of time would ultimately be required to test the durability of currently available membranes.     
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7.1 Concluding Remarks  Thus far the success of tackling alternative source of energy for transportation sector derived from microalgae biomass has shown some promise but no real commercial scale success to date. Bottlenecks remain in both the upstream cultivation and downstream harvesting stages of the process mainly due to currently high energy and economical prerequisites. The benchmark for ultimate success for biofuels can only be judged against the cost incurred for the traditional crude oil process, its main adversary.  This research has attempted to contribute to scientific knowledge in view of commercialising the production of biofuels from microalgae biomass, covering the selected shortfalls identified from reviewing the literature. The study initially investigated regional locations of possible facility site by simulating respective climatic conditions on the biomass production potentials, before taking an experimental approach in specifically investigating temperate climate cultivation. The focus turned towards economical considerations through investigating cultivation in a waste stream-based nutrient source before researching the mostly untapped forward osmosis dewatering potential, through novel medium-based draw solution blend.   Initial investigations within the remit of this study demonstrated the significance of modeling in the field through simulating microalgae biomass production located in two regions representing different climatic conditions.  Specifically, a raceway type open pond system was simulated for annual biomass production with data representing average monthly illumination intensity, photoperiod and temperature between a UK temperate location and a Qatari hot locale. Initial results suggested higher biomass productivity in a hotter climate. Attention then shifted towards investigating which of the three parameters of illumination intensity, photoperiod and temperature had more significant impact on biomass productivity to identify where intervention through investment would best serve towards attaining higher biomass yields in the temperate climate located within the UK. Moreover, the data was treated for three annual simulations through utilising the highest biomass-producing month of June data for illumination intensity, photoperiod and temperature as fixed parameters throughout the year. Results suggested the order of importance was photoperiod, illumination and temperature, respectively.  This in turn demonstrated the significant impact simulations can have within the field, by pointing out that the best course of improving microalgae biomass cultivation in a temperate climate would be to invest in an optimal illumination system rather than temperature control.  
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Continuing on from computer simulations of biomass production capabilities of two different climatic regions, the research was reoriented towards an experimental direction, with initial focus on an identified research gap within literature covering temperate climate microalgae cultivation. More specifically, data for the three parameters introduced in the simulation for temperate climate of light intensity, photoperiod and temperature were modified to attain three-month seasonal high and low averages covering summer (June/July/August) and winter (December/January/February) periods, respectively. A fully contained 5 L photobioreactor was then utilised to produce growth curves from daily sampling for both duplication and biomass growth. Results showed similar saturation peaks for both conditions with bigger lag phases separating the two. Moreover, the average duplication and biomass specific growth rates were found to differ by around 50%, which was equivalent to the lag phases associated with both seasonal average runs. This work demonstrated the workable possibilities of closed system biomass productivity in temperate climates, with slow initiation of growth that could be maintained at stationary phase (steady state) in a continuous system. Together with previous simulations a possibility of improved upstream cultivation system could be further investigated paving the way forward for cultivation to be considered in temperate regions of the globe.  The research then shifted towards addressing one of the most significant stumbling blocks within the field concerning the economic viability of the process. More specifically, within the limited time of the project the decision was taken to address a single significant element within the upstream and downstream parts of the process. As part of the selection process areas chosen would have significant impact on cost reduction if implemented on industrial scale. Regarding the upstream, the study identified the, as of yet limitedly explored waste stream cultivation process involving leachate and native microalgae specie. Whilst, downstream research activity focused on newly explored forward osmosis technology uniquely involving medium based draw solution for dewatering microalgae culture at stationary phase.  A two-fold cost reduction cultivation option involving a native species isolated from waste stream was subsequent explored. More specifically, a highly ammonical-N enriched leachate waste stream was diluted to four ratios using de-ionised water (1:1 / 50%, 1:2 / 34%, 1:3 / 25% and 1:9 / 10%) for the purpose of investigating biomass yield potentials and associated lipid content whilst simultaneously assessing the reduction capabilities of phosphorus and nitrogen levels as a result of cultivation uptake. Results indicated high tolerance of microalgae in diluted leachate nutrient biomass production then previously reported in literature, with maximum biomass almost matching that of our control batch at 25% leachate. Furthermore, 
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encountered between microalgae cultivated at different dilutions, with an increase in single cell size being observed for the two higher leachate concentrations (34% & 50%) and decrease in magnitude for lower two concentrations of 10% and 25% leachate in de-ionised water in comparison to the control batch runs. The overall outcome of this chapter indicated the reality of encompassing waste stream treatment to possibly generate income for biofuel facility whilst simultaneously utilising inexpensive nutrient supply.   Continuing our endeavors for the reduction of costs associated with biofuel production, the study undertook investigation into the performance of energy efficient forward osmosis (FO) dewatering capability on microalgae culture. An FO rig was devised to run feed water against draw solution at ascending osmotic pressure differences from 0.5 to 50 atm. A semi-permeable membrane was utilised with active layer facing feed water and gravity as driving force behind flow rate. The draw solution selected was based on three principles, microalgae nutrient based blend, high osmotic pressure and commercial availability. Six different runs were assumed to test six draw agent concentrations representing osmotic pressures of 0.5, 10, 20, 30, 40 and 50 atm, initially against de-ionised water for control comparison purposes before microalgae culture at stationary growth phase.  The results achieved indicated reasonably high water fluxes at higher osmotic pressure differences, with a decrease in performance of around 20% at each 10 atm osmotic pressure drop. Moreover, only a slight difference between the baseline de-ionised runs and microalgae culture runs were noted, this was also true when recycling was conducted twice after each initial batch run. This suggested that the difference in performance was likely due to the dilution and concentration of draw solution and the feed water, respectively. Moreover, with continuous recycling (>10) any impact from potential fouling on the overall performance could possibly be uncovered and quantified. Nonetheless, the objective set out was realised with the outcome demonstrating the true potential of forward osmosis technology as low energy means of dewater microalgae culture.  Overall the research conducted in this thesis has covered multiple aspects of biofuel production from studying potential temperate climate cultivation to reducing the currently prohibitive costs through waste stream nutrient supply and emerging technology for dewatering during downstream processing. The impact of which have formed sound foundations for future studies to build upon individually and collectively as a complete process.  
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7.2 Future Recommendations  Wide arrays of results were gained with significant value in pushing forward the drive to unlocking microalgae biofuel potential. As with all studies, supplementary works to further refine and define the specific aspects presented in this thesis could be carried in future research programs. More specifically, the computer simulation work conducted here could be initially experimentally validated before being further refined by accounting for temperature changes within water body during 24 hour period in order to achieve a higher degree of accuracy for simulation results.  The experimental investigation in temperate climate cultivation could be further developed to also include a more accurate temperature change from day and night readings, as well as include a gradual light variation as opposed to an immediate on off system dictated by photoperiod. Furthermore, growth rate investigations could be carried out with alternative microalgae species, with specific focus on combining this work with that carried out on waste-stream based medium. Beforehand, it is recommended that the leachate waste-stream is first further investigated to understand the optimum dilution required to attain the largest yield in terms of biomass and internal lipid content. It would be recommended to begin any future study with the native species utilised in this research before exploring more commonly available species for clearer comparison purposes. Furthermore, the downstream forward osmosis technology element presented should be further investigated for the effects of biofouling on water flux performance during more prolonged runs. After which, trialing leachate waste-stream as draw solution at different concentrations should be considered to assess its biomass concentrating and leachate diluting capabilities.  Moreover, it would be recommended that future work will strive towards running a complete continuous system incorporating upstream leachate based cultivation in temperate climate condition. This should be linked to downstream forward osmosis biomass concentrating and leachate diluting system, which would have the ability of recycling the diluted draw solution (near to optimum concentration for cultivation) back into the upstream unit to maintain stationary growth phase of microalgae culture. Computer simulation could then be utilised to enhance this system and predict scale-up behaviour which would provide the necessary knowledge for constructing a pilot-scale system.     Additionally to these, one must consider the capital and operation cost of such industrial facility producing high volumes of low value products. These can be summarised in the form of land 
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acquisition, facility licensing, construction and apparatus for capital investment. The ongoing operational expenses must consider nutrients and CO2 supply lines, instrument maintenance as well as the required refilling of water as result of evaporation during the process (Singh and Gu, 2010).   Consequently, this innovative field for algae biofuel production is still at some distance from being applicable, also considering that no commercial scale-up system has yet to be developed. On the other hand, to overcome the well-established petroleum-based fuel, reduction costs in each step of the industrial process will be essential to unlocking their potential.   A possible key point in the evolution of algal biofuels in the long term can be attributed to genetic engineering which can lead to an improvement in the separation of biomass from water or from the oil extraction from biomass. As example, in recent study, a simplification of the oil recovery has been found using photosynthetic microorganisms cells coaxed into secreting the oil which otherwise would have been kept within the cells. A further innovation, which could lead to a major improvement in the algae biofuel production is the alternative use of atmospheric nitrogen rather than nitrogen-based fertilizers which production require the use of petroleum as described by Chisti and Yan (2011)  In summary, key elements of possible biofuel production from microalgae were selected and investigated with the intention of assisting towards the commercialisation of the process. The time frame of the PhD program allowed for comprehensive results to be attained, which may prove useful in designing a complete pilot-scale continues system that could incorporate possible refined novel protectable process entities.   
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Appendix 1     
Table A.1. NASA data verses Met Office data (Nasa, 2012; WRDC, 2012)  
Month 
NASA Data 
(Cal/cm2/day1) 
Met Office Data 
(Cal/cm2/day1) 
Difference 
(Cal/cm2/day1) January 99.77 74.14 +25.63 February 164.27 133.31 +30.96 March 219.31 191.92 +27.34 April 355.21 380.69 -25.49 May 436.05 430.78 +5.26 June 419.71 514.71 -95.01 July 417.98 419.71 -1.73 August 379.28 378.86 +0.42 September 302.74 298.31 +13.43 October 193.51 169.62 +23.89 November 126.42 93.17 +33.26 December 79.98 64.02 +15.96      
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Appendix 2  Figure A.1 represents the three summer batches relative to one another and Figure A.2 indicates the same for the three winter runs, indicating good comparability with each of the batches conducted. More specifically, Figure A.1 indicates slightly different start times for all three summer batches; this was due to inoculation occurring at different times during the designated photoperiod which always began at 07:00 hours and ended at 16:00 hours, this do not have any effect on cultivation results outcome. For the purpose of sampling times during the 15 day run, this was later rectified to illustrate a better comparison for winter batches (Figure A.2).   Figure A.1 represents the three summer batches relative to one another and Figure A.2 indicates the same for the three winter runs. More specifically, Figure A.1 indicates slightly different start times for all three summer batches; this was due to inoculation occurring at different times during the designated photoperiod which always began at 07:00 hours and ended at 16:00 hours. For the purpose of sampling times during the 15 day run, this was later rectified to illustrate a better comparison for winter batches (Figure A.2).   
 
Figure A.1. Graphical representation of light intensity behaviour within the photobioreactor broth recorded for the 15 day cultivation period for three UK summer average runs relative to each other.   As previously mentioned, all winter batches were run at precisely the same time to an easier comparison of parameter changes. The light intensity measured for each batch indicates the relative accuracy of each batch to one another. B4-UK-W had a lower light intensity for the first day due to an inaccurate initial setting that was put right during the second day. The pattern of decreasing internal light intensity during the cultivation is again obviously witnessed indicating growth of a similar level occurring though out all three batches. However, the first batch (B4-UK-W) maintained a lagging performance due to the short fall in initial light intensity (Figure A.2).   
185 
 
 
Figure A.2. Graphical representation of light intensity behaviour within the photobioreactor broth recorded for the 29 day cultivation period for three UK winter average runs relative to each other.   The ph of the three summer and winter runs are illustrated relative to each other in Figures A.3 and A.4, respectively. As shown in Figure A.3, the initial 10 days of all three summer batches were maintained within the desired ph range of 7 ± 0.5. Batches B2-UK-S and B5-UK-S continued to be maintained within this range for the remaining 5 days of cultivation. However, batch B3-UK-S increased to a pH value just lower than 10 on two occasions during the last 5 days of the run. This was due to a significant drop in the CO2 supply, caused both times by a gas regulator fault which was swiftly rectified, it do not have an effect on overall cultivation results outcome.   
 
Figure A.3. Graphical representation of pH levels within the photobioreactor broth recorded for the 15 day cultivation period for three UK summer average runs relative to each other.    The three winter batches were more consistent in maintaining a pH of around 7 during the 29 day cultivation period (Figure A.4), with the exception of an insignificant increase to pH 8 during day 5 for batch B6-UK-W and a slight increase and dip during days 16 to 18, respectively, for B4-UK-W caused by yet another CO2 valve malfunction. Both deviations had no tangible impact on either the cell counts or the biomass measurements for the respective batches. However, as indicated in Figures A.5 and A.6, an impact was measured by the DO probe.  
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Figure A.4. Graphical representation of pH levels within the photobioreactor broth recorded for the 29 day cultivation period for three UK winter average runs relative to each other.   The dissolved oxygen for the three summer and winter batches relative to each other is represented in Figures A.5 and A.6, respectively. As expected, all three summer batches (Figure A.5) initially progressed in a similar manner with significant activity being recorded after the fifth day as the batches started to exit the lag phase. Each batch showed slightly different points of increased and decreased activity; this was mainly due to different start times. Again, due to a drop in CO2 during the last 5 days of cultivation in B3-UK-S, a drop in growth activity was recorded in terms of dissolved oxygen. However, this was not recorded in any significance in terms of cell count and dry biomass.  With regards to the winter batches, again all three show similar progression until significant growth began to initiate a more visible change in DO levels due to it entering the exponential phase. The lag phase was as expected significantly longer during the winter batches compared with the summer batches. More specifically, the DO behaviours for batches B6 and B7 were closer than that for B4; this was due to the initial light intensity being lower than the set value.  
 
Figure A.5. Graphical representation of dissolved oxygen behaviour within the photobioreactor broth recorded for the 15 day cultivation period for three UK summer average runs relative to each other.   
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Figure A.6. Graphical representation of dissolved oxygen behaviour within the photobioreactor broth recorded for the 29 day cultivation period for three UK winter average runs relative to each other.   The temperature and agitation speed for the summer batches are shown in Figures A.7 and A.8, respectively. Both graphical illustrations show a consistent maintenance of the inputted data with no major deviation throughout the 15 day run with regards to the RPM of the internal impellers. An increase in temperature was logged for B2-UK-S due to a very brief power failure in our chiller device; however, no significant effect was recorded with regards to the algal cultivation outcome.   
 
Figure A.7. Graphical representation of temperature levels within the photobioreactor broth recorded for the 15 day cultivation period for three UK summer average runs relative to each other.   
 
 
Figure A.8. Graphical representation of agitation speed within the photobioreactor broth recorded for the 15 day cultivation period for three UK summer average runs relative to each other.   The winter batches’ agitation speeds also show no major deviation from the inputted setting throughout the 29 day runs (Figures A.9). The temperature was consistently maintained at 10.4oC in both B6-UK-W and B7-UK-W. B4-UK-W began at the higher summer setting of 15.2oC due to the computer error; this was ratified during the 2nd day. An increase was again logged during the 16th day, relating to an issue with the cooling system being turned off (Figures A.10). Both incidents show 
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relatively small differences in cell counts and biomass measurements so the technical issue did not have an overall adverse effect on cultivation results.     
 
Figure A.9. Graphical representation of agitation speed within the photobioreactor broth recorded for the 29 day cultivation period for three UK winter average runs relative to each other.  
 
Figure A.10. Graphical representation of temperature levels within the photobioreactor broth recorded for the 29 day cultivation period for three UK winter average runs relative to each other. 
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Appendix 3.1 
Control Batch – BG-11 Medium The initial control batch was run with BG-11 medium in duplicate. Cultivation period was terminated a day earlier than planned, as a decline was measured on the 9th day. Amongst the analysis conducted on a daily basis was absorbance, which showed an increase from the offset, reaching saturation point from the 6th day onwards (Figure A.11). Cell count data had a similar trend to absorbance measurements, with exponential growth beginning after the 1st day. The highest cell count for both B1-L-1 and B1-L-2 (Figure A.12) was recorded on the 7th day of cultivation at 114 x 106 and 126 x 106 Cells ml-1, respectively. The exponential growth occurred from days one to six for both runs (Figure A.13) with µDuplication calculated as 0.575 day-1 for B1-L-1 and 0.585 day-1 for B1-L-2, giving an average of 0.580 day-1 with a standard deviation of 0.007. Biomass was only taken once, on the 6th day (Figure A.13), due to limited resources. The calculated biomass was 3080 g m-3 and 2220 g m-3 for B1-L-1 and B1-L-2, respectively. The average was 2650 g m-3 or 2.65 g L-1. Unfortunately no µBiomass could be calculated due to only one sample being taken. No obvious cell density change was observed throughout both runs in the batch. Also, no nutrient analysis was preformed as known medium of establish concentration was used.   
 
Figure A.11. Graphical illustration of absorbance (750 nm) against time for BG-11 medium based cultivations B1-L-1 & B1-L-2. 
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Figure A.12. Graphical illustration of cell count against for BG-11 medium based cultivations B1-L-1 & B1-L-2.   
 
Figure A.13. Graphical illustration of natural logarithm for cell count with specific growth rates for exponential phase identified for BG-11 medium based cultivations B1-L-1 & B1-L-2.  
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Appendix 3.2 
  
Control Batch - Pure Leachate (100%)  There was doubt over the survival and growth potential in pure leachate after initial nutrient analysis divulged extremely high ammonia concentrations of almost 2300 mg L-1 (Chapter 5 - Table 5.4). Nonetheless, it was still decided to conduct the second batch for both scientific confirmation and experimental clarification. The batch was only conducted once for both over growth concerns and limited leachate supply which was needed for the next set of experiments. The run was allowed to cultivate for 10 days and as expected no significant growth was observed. Moreover, daily absorbance of a sample revealed an overall declining trend with slight fluctuation over time (Figure A.14). Measurements of the light absorbed within the Drechsel bottle indicated an initial decrease and followed by a period of stabilisation (Figure A.15). Relatively small fluctuations were again seen with the daily cell counts preformed on the samples (Figure A.16). A maximum increase of just fewer than one million cells per milliliter was identified from the lowest measure on the 6th day to the highest which was identified on the 3rd day. Furthermore, a final biomass concentration showed a similar figure to that of the inoculation of 0.15 and 0.21 (g L-1), respectively. Our initial anticipation of decrease in cell numbers due to death did not materialise, rather the inoculation population began to clump together and an inhibition for further growth from the starting concentration was caused by such high ammonia concentrations.   
 
Figure A.14. Graphical illustration of absorbance (750 nm) against time for 100% leachate based cultivation B2-L-1. 
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Figure A.15. Graphical illustration of percentage of light absorbance within 250 ml Drechsel bottle against time for 100% leachate medium based cultivation B2-L-1.  
 
Figure A.16. Graphical illustration of cell count against time for pure leachate (100%) based cultivation B2-L-1.  
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